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uncertainty: what does the future hold? 
 
R. Willem Vervoort 
 
Abstract 
Current predictions indicate that the climate in Australia will become 
more variable and extreme. This will increase pressure on fragile natural 
resources and sound water resource management will become 
increasingly important. Forecasting is therefore essential in both 
agriculture and natural resource management. Is the current hydrological 
science up to this task and what tools are available for Australia? Much 
of the current hydrological knowledge is grounded in the work on 
perennial and humid systems with virtually no real ‘Australian 
hydrology’, despite evidence of the unique nature of our semi-arid river 
systems. While simulation models have become ubiquitous in 
hydrological science, most are used for so-called backcasting, rather than 
forecasting. This means simulations are run based on existing daily 
climate data as future daily predictions are often unavailable and 
uncertain. Additionally, there is still a significant gap with respect to the 
data needs of distributed models and the actually available natural 
resource data. Models with fewer parameters have been advocated, 
taking full advantage of the information in the available streamflow data. 
However, the associated simplifications and assumptions also introduce 
model uncertainties, which should be based on sound systems 
knowledge. It is unclear how such uncertainties would propagate if the 
models are used for forecasting rather than backcasting and perturbed 
under different management scenarios. Research into the temporal 
variability of model parameters, combined with probabilistic approaches 
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to capture the non-linearity and variability of the Australian hydrological 
system will increase the ability to manage the system into the future. 
Introduction 
The Australian climate is recognised as one of the most variable in the 
world (Meinke et al 2003). Given that stream flow is an expression of 
the rainfall signal, Australian stream flow is also among the most variable 
in the world (McMahon et al 1992). The latest International Panel of 
Climate Change assessment foreshadows a significant decrease in water 
availability in Eastern Australia (IPCC 2007), and the most recent 
national climate change predictions indicate that the Australian climate 
will also become more variable (Preston & Jones 2006; Whetton et al 
1993). There is also empirical evidence that droughts are becoming more 
severe, mainly due to changes in temperature (Nicholls 2004). The 
higher variability in climate implies that increased skill would be needed 
in forecasting for agricultural production and natural resource planning 
(Meinke & Stone 2005). Prediction of streamflow, for irrigation and 
drinking water management, and soil moisture balances, for crop 
production and irrigation efficiency, will have to be improved. The 
current drought and its impact on urban and rural water supplies (such 
as in Goulburn and on the Murray River) indicates that such forward 
planning is desperately needed. However, the question is on what 
hydrological scientific information is this forward thinking going to be 
based? For streamflow and the soil moisture balance, rainfall is the 
primary forcing variable, but it is the translation that makes prediction of 
the secondary variables difficult (Kundzewicz & Mata 2007).  
There is additional difficulty in defining river types, conditions and 
climatic events. For example, a concept such as drought is not easily 
defined (Alley 1984; Dracup, Lee & Paulson 1980), and this means  
that the prediction of drought with increasing variability will be even 
more difficult. 
 
Much has already been produced in relation to the topic of climate 
change by colleagues in the field of meteorology and climatology, but it 
appears that little has been flowing on into the areas of hydrology and 
agrohydrology. This means that where climatological studies have 
combined with cropping and hydrological predictions, models have been 
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 th
e 
fu
tu
re
. T
he
re
 h
as
 b
ee
n 
m
uc
h 
de
ba
te
 in
 
hy
dr
ol
og
ica
l s
cie
nc
e 
on
 h
ow
 w
ell
 m
od
els
 a
ct
ua
lly
 p
re
di
ct
 th
e 
be
ha
vi
ou
r 
of
 a
 s
ys
te
m
 a
nd
 t
he
 u
nc
er
ta
in
ty
 t
ha
t 
is 
re
lat
ed
 t
o 
th
e 
pr
ed
ic
tio
ns
 o
f 
m
od
els
 (
Be
ve
n 
20
02
; K
irc
hn
er
 2
00
6;
 S
ilb
er
st
ein
 2
00
6)
. I
n 
ge
ne
ra
l, 
th
e 
co
nc
lu
sio
n 
is 
th
at
 w
hi
le 
m
od
els
 a
re
 n
ot
 p
er
fe
ct
, 
th
ey
 a
re
 t
he
 b
es
t 
po
ss
ib
le 
m
ea
ns
 o
f 
st
ud
yin
g 
sy
st
em
s. 
Ba
sic
all
y, 
hy
dr
ol
og
ica
l m
od
els
 a
re
 
ba
se
d 
on
 th
e 
co
nc
ep
tu
al 
im
ag
e 
a 
sc
ien
tis
t h
as
 o
f t
he
 c
at
ch
m
en
t a
nd
 th
is 
is 
tra
ns
lat
ed
 in
to
 a
 s
et
 o
f 
m
at
he
m
at
ica
l e
qu
at
io
ns
 a
nd
 c
om
pu
te
r 
co
de
s. 
Th
e 
m
od
el 
ne
ed
s 
th
re
e 
ty
pe
s 
of
 d
at
a: 
th
e 
fir
st
 a
re
 b
ou
nd
ar
y 
co
nd
iti
on
s 
an
d 
in
iti
al 
co
nd
iti
on
s, 
th
e 
se
co
nd
 a
re
 p
ar
am
et
er
s, 
w
hi
ch
 a
re
 g
en
er
all
y 
co
ns
id
er
ed
 to
 b
e 
tim
e-
in
va
ria
nt
 a
nd
 d
ef
in
e 
th
e 
in
te
rn
al 
pr
oc
es
se
s 
in
 th
e 
sy
st
em
; t
he
 th
ird
 a
re
 v
ar
iab
le
s, 
w
hi
ch
 f
or
ce
 th
e 
be
ha
vi
ou
r 
of
 th
e 
m
od
el
 
(s
uc
h 
as
 r
ain
fa
ll 
an
d 
po
te
nt
ial
 e
va
po
ra
tio
n)
. T
he
 m
od
el 
ou
tp
ut
 is
 t
he
n 
co
m
pa
re
d 
ag
ain
st
 o
bs
er
ve
d 
da
ta
 a
nd
 t
he
 p
ar
am
et
er
s 
in
 t
he
 m
od
el 
ar
e 
 1
87
ad
ju
st
ed
 (t
hi
s i
s t
he
 p
ro
ce
ss
 o
f m
od
el 
ca
lib
ra
tio
n)
 to
 g
et
 th
e 
be
st
 p
os
sib
le
 
m
at
ch
 b
et
w
ee
n 
ob
se
rv
ed
 a
nd
 p
re
di
ct
ed
 d
at
a. 
 H
yd
ro
lo
gi
ca
l 
m
od
els
 a
im
 t
o 
fo
re
ca
st
 t
he
 v
ar
iab
le 
of
 i
nt
er
es
t 
(in
 m
os
t 
ca
se
s 
st
re
am
 f
lo
w
 o
r 
gr
ou
nd
w
at
er
) 
fo
r 
m
an
ag
em
en
t 
pu
rp
os
es
. 
Th
is 
m
ea
ns
 th
ey
 a
tte
m
pt
 to
 lo
ok
 in
to
 th
e 
fu
tu
re
 to
 s
ee
 h
ow
 d
iff
er
en
t a
ct
io
ns
 
w
ill
 in
flu
en
ce
 th
e 
va
ria
bl
e. 
In
te
re
st
in
gl
y, 
m
os
t s
ce
na
rio
s a
nd
 h
yd
ro
lo
gi
ca
l 
m
od
els
 o
nl
y 
ba
ck
ca
st
 (
or
 h
in
dc
as
t) 
th
at
 i
s; 
th
e 
fo
rc
in
g 
va
ria
bl
es
 (
i.e
. 
ra
in
fa
ll)
 te
nd
 to
 b
e 
ba
se
d 
on
 e
xi
st
in
g 
m
ea
su
re
m
en
ts
, w
ith
 th
e 
ar
gu
m
en
t 
th
at
 t
he
se
 d
at
a 
ar
e 
m
or
e 
re
lia
bl
e 
(S
ta
uf
fa
ch
er
 e
t 
al 
20
03
; 
Tu
te
ja 
et
 a
l 
20
03
; V
er
te
ss
y 
et
 a
l 1
99
3)
. T
hi
s m
ea
ns
 th
at
 th
e 
m
od
els
 te
nd
 to
 si
m
ul
at
e 
a 
di
ffe
re
nt
 re
ali
sa
tio
n 
of
 th
e 
cu
rr
en
t o
r h
ist
or
ic
 ti
m
e, 
ra
th
er
 th
an
 lo
ok
 in
to
 
th
e 
fu
tu
re
. T
hi
s a
pp
ro
ac
h 
ap
pe
ar
s t
o 
be
 th
e 
m
os
t c
om
m
on
 in
 a
na
lys
es
 o
f 
m
an
ag
em
en
t i
m
pa
ct
 o
n 
st
re
am
 fl
ow
. 
 A
 d
iff
er
en
t 
ap
pr
oa
ch
 i
s 
ta
ke
n 
by
 m
os
t 
re
se
ar
ch
 i
nt
er
es
te
d 
in
 c
lim
at
e 
ch
an
ge
. I
n 
th
os
e 
ca
se
s 
th
e 
ou
tp
ut
 o
f g
lo
ba
l c
irc
ul
at
io
n 
m
od
els
 (G
CM
) i
s 
do
w
ns
ca
led
 t
o 
th
e 
sc
ale
 o
f 
in
te
re
st
 a
nd
 t
he
 d
iff
er
en
t 
cli
m
at
e 
sc
en
ar
io
s 
ar
e 
pu
sh
ed
 t
hr
ou
gh
 h
yd
ro
lo
gi
ca
l 
m
od
el
s 
(Jo
ne
s 
et
 a
l 
20
06
), 
of
te
n 
ca
lib
ra
te
d 
ea
rli
er
 u
sin
g 
hi
st
or
ica
l d
at
a 
(e
.g
. C
hi
ew
 e
t a
l 1
99
5)
. W
hi
le 
th
is 
se
em
s 
a 
be
tte
r a
pp
ro
ac
h,
 a
s 
it 
re
co
gn
ise
s 
th
e 
fa
ct
 th
at
 w
e 
ca
nn
ot
 u
se
 th
e 
cu
rr
en
t c
lim
at
e 
to
 p
re
di
ct
 fu
tu
re
 im
pa
ct
s, 
it 
st
ill
 h
as
 so
m
e 
pr
ob
lem
s. 
O
ne
 
im
po
rta
nt
 is
su
e 
is 
th
at
 th
e 
do
w
ns
ca
led
 G
CM
 d
at
a 
fo
r 
th
e 
fu
tu
re
 is
 n
ot
 
ve
ry
 a
cc
ur
at
e 
an
d 
da
ily
 e
st
im
at
es
 a
re
 d
iff
icu
lt 
to
 o
bt
ain
 (C
hi
ew
 2
00
6)
.  
Ti
m
e 
in
va
ria
nc
e 
of
 p
ar
am
et
er
s 
A
no
th
er
 
iss
ue
 
re
lat
es
 
to
 
th
e 
un
de
rly
in
g 
as
su
m
pt
io
ns
 
on
 
w
hi
ch
 
hy
dr
ol
og
ica
l m
od
els
 a
re
 b
as
ed
. D
iff
er
en
t r
ain
fa
ll 
ru
no
ff 
m
od
el 
st
ru
ct
ur
es
 
ha
ve
 d
iff
er
en
t r
es
po
ns
es
 to
 c
ha
ng
es
 in
 ra
in
fa
ll 
(B
oo
rm
an
 &
 S
ef
to
n 
19
97
; 
Jo
ne
s 
et
 a
l 
20
06
). 
D
ep
en
di
ng
 o
n 
ho
w
 t
he
 c
on
ce
pt
ua
l 
ra
in
fa
ll-
ru
no
ff 
m
od
el 
is 
st
ru
ct
ur
ed
 a
nd
 h
ow
 t
hi
s 
is 
tra
ns
lat
ed
 i
nt
o 
co
de
, 
th
e 
ru
no
ff
 
re
sp
on
se
 to
 ra
in
fa
ll 
w
ill
 d
iff
er
. A
pa
rt 
fr
om
 th
e 
m
or
e 
co
m
pl
ex
 d
ist
rib
ut
ed
 
gr
ou
nd
w
at
er
 
an
d 
su
rf
ac
e 
w
at
er
 
m
od
els
, 
m
os
t 
hy
dr
ol
og
ica
l 
m
od
els
 
co
ns
id
er
 p
ar
am
et
er
s 
to
 b
e 
tim
e 
in
va
ria
nt
. 
Th
is 
m
ea
ns
 t
he
 ‘
ca
lib
ra
te
d’
 
pa
ra
m
et
er
 v
alu
es
 o
f 
th
e 
m
od
el 
w
ill
 b
e 
ba
se
d 
on
 h
ist
or
ic 
da
ta
, 
an
d 
as
su
m
ed
 to
 u
nd
er
go
 n
o 
ch
an
ge
 in
to
 th
e 
fu
tu
re
. H
ow
ev
er
, t
he
 p
ar
am
et
er
s 
in
 
hy
dr
ol
og
ic
al 
m
od
els
 
ar
e 
ge
ne
ra
lly
 
co
up
led
 
to
 
so
m
e 
co
nc
ep
tu
al 
re
pr
es
en
ta
tio
n 
of
 th
e 
so
il 
or
 v
eg
et
at
io
n 
sy
st
em
 o
r t
he
 ro
ut
in
g 
pa
ra
m
et
er
s 
 
18
8 
in
 th
e 
ca
tc
hm
en
t. 
St
ud
ies
 to
 in
ve
st
ig
at
e 
th
e 
se
ns
iti
vi
ty
 a
nd
 u
nc
er
ta
in
ty
 o
f 
pa
ra
m
et
er
s 
he
lp
 e
xp
lai
n 
so
m
e 
of
 t
he
 m
od
el 
ou
tc
om
es
 (
Bo
or
m
an
 a
nd
 
Se
fto
n 
19
97
; 
Jo
ne
s 
et
 a
l 
20
06
), 
bu
t 
th
is 
do
es
 n
ot
 r
ec
og
ni
se
 a
 f
ur
th
er
 
pr
ob
lem
 (B
oo
rm
an
 &
 S
ef
to
n 
19
97
; C
hi
ew
 e
t a
l 1
99
5)
, w
hi
ch
 is
 c
au
se
d 
by
 
th
e 
co
up
lin
g 
an
d 
fe
ed
ba
ck
s 
be
tw
ee
n 
cli
m
at
e, 
ve
ge
ta
tio
n,
 s
oi
l m
oi
st
ur
e 
an
d 
st
re
am
flo
w
.  
 Be
ca
us
e 
so
il 
m
oi
st
ur
e 
an
d 
st
re
am
 
flo
w
 
ar
e 
de
pe
nd
en
t 
se
co
nd
ar
y 
va
ria
bl
es
 (F
ig
 6
.1
), 
th
e 
be
ha
vi
ou
r i
s 
de
pe
nd
en
t o
n 
ch
an
ge
s 
in
 v
eg
et
at
io
n 
an
d 
cli
m
at
e. 
Th
e 
w
or
k 
by
 E
ag
les
on
 a
nd
 E
nt
ek
ha
bi
 (
E
ag
les
on
 1
97
8;
 
E
ag
les
on
 &
 S
eg
ar
ra
 1
98
5;
 E
nt
ek
ha
bi
, R
od
rig
ue
z-
Itu
rb
e 
&
 B
ra
s 1
99
2)
 h
as
 
hi
gh
lig
ht
ed
 t
ha
t 
su
ch
 f
ee
db
ac
k 
lo
op
s 
ca
n 
be
 s
tro
ng
, 
an
d 
th
is 
w
ou
ld
 
un
do
ub
te
dl
y 
in
flu
en
ce
 r
es
ul
ts
 (
Ch
iew
 e
t 
al 
19
95
; F
ar
m
er
, S
iv
ap
ala
n 
&
 
Jo
th
ity
an
gk
oo
n 
20
03
). 
W
ha
t 
th
is 
m
ea
ns
 is
 th
at
 it
 is
 h
ig
hl
y 
un
lik
ely
 th
at
 
pa
ra
m
et
er
s 
ar
e 
tim
e 
in
va
ria
nt
, 
an
d 
th
is 
is 
of
te
n 
de
m
on
st
ra
te
d 
du
rin
g 
ca
lib
ra
tio
n 
an
d 
va
lid
at
io
n 
(e
.g
. K
irc
hn
er
 2
00
6)
. D
ur
in
g 
ca
lib
ra
tio
n,
 t
he
 
m
od
el 
pa
ra
m
et
er
s 
ar
e 
in
 f
ac
t 
ad
ju
st
ed
 t
o 
th
e 
‘m
ea
n’
 v
alu
e 
of
 t
he
 t
im
e 
se
rie
s 
of
 t
he
 ‘
tru
e’ 
pa
ra
m
et
er
s, 
or
 i
n 
ot
he
r 
w
or
ds
, 
th
e 
ca
lib
ra
te
d 
pa
ra
m
et
er
s 
ca
n 
be
 
se
en
 
as
 
th
e 
ex
pe
ct
ed
 
va
lu
e 
of
 
th
e 
pa
ra
m
et
er
 
di
st
rib
ut
io
n.
 W
hi
le 
th
is 
is 
re
co
gn
ise
d 
in
 m
od
el 
ca
lib
ra
tio
n 
an
d 
is 
th
e 
ba
sis
 
of
 th
e 
th
in
ki
ng
 b
eh
in
d 
eq
ui
fin
ali
ty
 (B
ev
en
 2
00
2)
, t
he
 im
pl
ic
at
io
ns
 o
f t
hi
s 
fo
r 
fo
re
ca
st
in
g 
un
de
r 
cli
m
at
e 
ch
an
ge
 
sc
en
ar
io
s 
se
em
 
to
 
be
 
les
s 
re
co
gn
ise
d.
 F
or
 f
or
ec
as
tin
g 
un
de
r 
ch
an
ge
d 
cli
m
at
e 
th
e 
va
ria
bi
lit
y 
of
 th
e 
pa
ra
m
et
er
s i
n 
tim
e 
ne
ed
s t
o 
be
 p
re
di
ct
ed
.  
 O
f 
co
ur
se
, i
t 
is 
di
ffi
cu
lt 
to
 p
re
di
ct
 h
ow
 m
od
el 
pa
ra
m
et
er
s 
w
ill
 c
ha
ng
e 
in
to
 th
e 
fu
tu
re
. I
 a
m
 n
ot
 a
dv
oc
at
in
g 
th
at
 a
n 
‘ev
ol
ut
io
na
ry
 m
od
el’
 s
ho
ul
d 
be
 c
re
at
ed
 t
ha
t 
w
ill
 a
da
pt
 t
o 
ch
an
ge
s. 
Su
ch
 a
 m
od
el 
w
ou
ld
 b
e 
to
o 
co
m
pl
ex
 a
nd
 t
he
 n
um
be
r 
of
 r
ela
tio
ns
hi
ps
 a
nd
 p
ar
am
et
er
s 
w
ith
in
 t
he
 
m
od
el 
w
ou
ld
 n
ot
 a
llo
w
 a
 c
ali
br
at
io
n 
or
 v
ali
da
tio
n 
(K
irc
hn
er
 2
00
6)
. 
H
ow
ev
er
, 
as
 
a 
m
in
im
um
 
re
qu
ire
m
en
t, 
lo
ng
-te
rm
 
fo
re
ca
st
s 
sh
ou
ld
 
an
aly
se
 w
he
th
er
 t
he
 d
ist
rib
ut
io
n 
of
 p
ar
am
et
er
s 
du
rin
g 
th
e 
ca
lib
ra
tio
n 
pe
rio
d 
w
ill
 b
e 
th
e 
sa
m
e 
as
 t
he
 d
ist
rib
ut
io
n 
du
rin
g 
th
e 
fo
re
ca
st
 p
er
io
d 
(e
.g
. E
va
ns
 &
 S
ch
re
id
er
 2
00
2)
. G
iv
en
 t
he
 c
om
pl
ex
ity
 in
 t
he
 c
at
ch
m
en
t 
sc
ale
 p
ro
ce
ss
es
 a
nd
 th
e 
nu
m
be
r o
f f
ee
db
ac
k 
lo
op
s, 
th
is 
w
ill
 p
ro
ba
bl
y 
no
t 
be
 tr
ue
. 
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89
Re
se
ar
ch
 
in
to
 
th
e 
va
ria
bi
lit
y 
of
 
m
od
el
 
pa
ra
m
et
er
s 
in
 
tim
e, 
th
ei
r 
se
ns
iti
vi
ty
 
to
 
cli
m
at
ic 
an
d 
w
ea
th
er
 
in
di
ce
s 
an
d 
th
eir
 
bi
op
hy
sic
al 
ex
pl
an
at
io
n 
ha
s 
so
 f
ar
 n
ot
 b
ee
n 
ex
te
ns
iv
ely
 a
tte
m
pt
ed
. 
Th
e 
w
or
k 
by
 
E
va
ns
 a
nd
 S
ch
re
id
er
 (
20
02
) 
an
d 
W
ilb
y 
(2
00
5)
 a
re
 p
os
sib
ly 
th
e 
on
ly
 
pa
pe
rs
 m
ak
in
g 
an
 a
tte
m
pt
. T
he
 a
na
lys
is 
by
 E
va
ns
 a
nd
 S
ch
re
id
er
 (2
00
2)
 
(w
hi
ch
 f
ou
nd
 n
o 
sig
ni
fic
an
t 
ch
an
ge
 in
 p
ar
am
et
er
s)
 w
as
 li
m
ite
d 
to
 o
nl
y 
on
e 
ca
tc
hm
en
t 
on
 t
he
 c
oa
st
al 
fr
in
ge
 i
n 
W
es
te
rn
 A
us
tra
lia
, w
hi
le 
th
eir
 
cli
m
at
e 
ch
an
ge
 m
od
ell
in
g 
in
cl
ud
ed
 si
x 
ca
tc
hm
en
ts
. I
n 
co
nt
ra
st
, t
he
 w
or
k 
by
 W
ilb
y 
(2
00
5)
 i
s 
m
or
e 
th
or
ou
gh
, 
bu
t 
th
e 
w
or
k 
w
as
 d
on
e 
on
 t
he
 
Th
am
es
 R
iv
er
 in
 E
ng
lan
d.
  
 W
ha
t i
s 
ne
ed
ed
 a
re
 r
ela
tio
ns
hi
ps
 th
at
 w
ill
 p
re
di
ct
 c
ha
ng
es
 in
 th
e 
m
od
el
 
pa
ra
m
et
er
s 
w
ith
 t
im
e, 
cli
m
at
e 
or
 w
ea
th
er
, s
uc
h 
as
 s
ou
th
er
n 
os
cil
lat
io
n 
in
de
x 
(S
O
I),
 r
ain
fa
ll,
 te
m
pe
ra
tu
re
 a
nd
 c
ar
bo
n 
di
ox
id
e 
(C
O
2) 
lev
els
. T
hi
s 
w
ou
ld
 t
hu
s 
ex
te
nd
 t
he
 m
or
e 
co
m
m
on
 s
en
sit
iv
ity
 a
na
lys
is 
to
 a
ct
ua
l 
pr
ed
ict
iv
e 
re
lat
io
ns
hi
ps
. 
It 
se
em
s 
so
m
ew
ha
t 
co
nt
ra
di
ct
or
y: 
to
 u
se
 a
 
m
od
el 
to
 p
re
di
ct
 t
he
 p
ar
am
et
er
s 
of
 a
 m
od
el.
 H
ow
ev
er
, 
em
pi
ric
al 
re
lat
io
ns
hi
ps
, k
rig
in
g,
 p
ed
ot
ra
ns
fe
r f
un
ct
io
ns
 (M
cB
ra
tn
ey
 e
t a
l 2
00
2)
 a
nd
 
m
et
a 
m
od
ell
in
g 
(H
ab
er
lan
dt
, K
ry
sa
no
va
 &
 B
ar
do
ss
y 
20
02
) 
ar
e 
alr
ea
dy
 
es
ta
bl
ish
ed
 a
pp
ro
ac
he
s 
to
 d
er
iv
e 
or
 in
te
gr
at
e 
pa
ra
m
et
er
s 
fo
r 
sim
ul
at
io
n 
m
od
ell
in
g.
 
Th
ou
gh
 
th
es
e 
m
et
ho
ds
 
m
os
tly
 
pr
ed
ict
 
sp
at
ial
 
m
od
el 
pa
ra
m
et
er
s, 
it 
ju
st
ifi
es
 th
e 
st
ud
y 
of
 a
 si
m
ila
r a
pp
ro
ac
h 
in
 ti
m
e-
de
pe
nd
en
t 
pa
ra
m
et
er
s. 
Th
is 
ex
pl
ici
tly
 re
co
gn
ise
s t
he
 d
yn
am
ic 
na
tu
re
 o
f m
an
y 
of
 th
e 
so
il 
an
d 
ve
ge
ta
tio
n 
pa
ra
m
et
er
s 
an
d 
th
eir
 in
flu
en
ce
 o
n 
th
e 
hy
dr
ol
og
y 
of
 a
 
ca
tc
hm
en
t. 
D
is
tr
ib
ut
ed
 m
od
el
s 
an
d 
da
ta
 
In
 s
em
i-a
rid
 a
nd
 a
rid
 c
at
ch
m
en
ts
, s
im
ul
at
io
n 
m
od
ell
in
g 
is 
m
ad
e 
di
ffi
cu
lt 
by
 t
he
 e
ar
lie
r 
m
en
tio
ne
d 
no
n-
lin
ea
rit
ies
. F
or
 e
xa
m
pl
e, 
w
hi
le 
th
e 
lo
ng
-
te
rm
 n
on
-li
ne
ar
ity
 in
 r
ain
fa
ll-
ru
no
ff 
ca
n 
so
m
et
im
es
 b
e 
ac
co
un
te
d 
fo
r 
by
 
eq
ua
tin
g 
th
e 
m
as
s 
ba
lan
ce
s 
(Ja
ke
m
an
 &
 H
or
nb
er
ge
r 
19
93
), 
th
is 
w
ou
ld
 
no
t a
cc
ou
nt
 fo
r t
he
 p
os
sib
le 
dy
na
m
ic 
na
tu
re
 o
f s
uc
h 
a 
no
n-
lin
ea
rit
y. 
Th
is 
ca
n 
on
ly
 b
e 
ac
co
un
te
d 
fo
r b
y 
ex
pl
ici
tly
 m
od
ell
in
g 
th
e 
w
at
er
 b
ala
nc
e 
an
d 
dr
yin
g 
in
 th
e 
ca
tc
hm
en
t, 
su
ch
 a
s 
by
 u
sin
g 
an
d 
pr
ed
ict
in
g 
th
e 
ca
tc
hm
en
t 
m
oi
st
ur
e 
ba
lan
ce
 (C
ro
ke
 &
 Ja
ke
m
an
 2
00
4;
 E
va
ns
 &
 Ja
ke
m
an
 1
99
8)
.  
 O
ne
 a
pp
ro
ac
h 
to
 im
pr
ov
e 
th
e 
m
od
ell
in
g 
ou
tc
om
es
 in
 a
rid
 a
nd
 s
em
i-a
rid
 
ca
tc
hm
en
ts
 w
ou
ld
 b
e 
to
 in
cr
ea
se
 t
he
 c
om
pl
ex
ity
 o
f 
th
e 
m
od
el 
an
d 
to
 
 
19
0 
ex
pl
ici
tly
 in
clu
de
 th
e 
di
ffe
re
nt
 p
ro
ce
ss
es
. T
hi
s 
is 
th
e 
di
re
ct
io
n 
in
 w
hi
ch
 
m
an
y 
hy
dr
ol
og
ica
l m
od
els
 h
av
e 
go
ne
, f
ol
lo
w
in
g 
th
e 
co
nc
ep
ts
 d
ev
elo
pe
d 
by
 F
re
ez
e 
an
d 
H
ar
lan
 (1
96
9)
. T
he
re
 a
re
, h
ow
ev
er
, d
iff
ic
ul
tie
s 
w
ith
 th
is:
 
su
ch
 a
n 
in
cr
ea
se
 in
 c
om
pl
ex
ity
 h
as
 t
o 
be
 m
at
ch
ed
 w
ith
 a
n 
eq
ui
va
len
t 
in
cr
ea
se
 in
 d
at
a 
av
ail
ab
le 
fo
r p
ar
am
et
er
isa
tio
n,
 c
ali
br
at
io
n 
an
d 
va
lid
at
io
n.
 
W
hi
le 
so
m
e 
as
pe
ct
s 
ca
n 
be
 i
nc
lu
de
d 
w
ith
 f
ew
 a
dd
iti
on
al 
pa
ra
m
et
er
s 
(C
ro
ke
 &
 J
ak
em
an
 2
00
4)
, 
m
or
e 
co
m
pl
ex
 i
nt
er
ac
tio
ns
 a
nd
 p
ro
ce
ss
es
 
w
ou
ld
 re
qu
ire
 m
or
e 
da
ta
.  
 Th
e 
di
ffi
cu
lty
 i
s 
th
at
 A
us
tra
lia
 a
nd
 s
em
i-a
rid
 a
re
as
 i
n 
ge
ne
ra
l 
ar
e 
re
lat
iv
ely
 d
at
a 
po
or
. A
ga
in
, t
hi
s 
is 
pa
rtl
y 
du
e 
to
 th
e 
ex
te
ns
iv
e 
na
tu
re
 o
f 
th
e 
hu
m
an
 a
ct
iv
iti
es
 in
 s
uc
h 
ar
ea
s, 
w
hi
ch
 m
ea
ns
 t
he
y 
ar
e 
les
s 
de
ns
ely
 
po
pu
lat
ed
 a
nd
 e
co
no
m
ica
lly
 le
ss
 im
po
rta
nt
. I
n 
ad
di
tio
n,
 t
he
 la
rg
e 
lan
d 
m
as
s 
of
 A
us
tra
lia
 h
as
 a
lso
 l
im
ite
d 
da
ta
 c
ol
lec
tio
n,
 p
ur
el
y 
du
e 
to
 t
he
 
re
lat
ed
 c
os
ts
. O
nl
y 
in
 re
ce
nt
 y
ea
rs
, w
ith
 th
e 
de
ve
lo
pm
en
t a
nd
 a
va
ila
bi
lit
y 
of
 s
at
ell
ite
 a
nd
 r
em
ot
e 
se
ns
in
g 
da
ta
, 
do
 w
e 
se
e 
an
 i
nc
re
as
e 
in
 d
at
a 
av
ail
ab
ili
ty
. 
H
ow
ev
er
, 
th
e 
re
lat
io
ns
hi
ps
 b
et
w
ee
n 
re
m
ot
ely
 s
en
se
d 
da
ta
 
an
d 
hy
dr
ol
og
ic
all
y 
im
po
rta
nt
 v
ar
iab
les
 a
re
 s
til
l t
en
uo
us
 (S
ch
m
ug
ge
 e
t a
l 
20
02
; W
es
te
rn
 e
t 
al 
19
99
). 
In
cr
ea
se
d 
ca
lib
ra
tio
n 
an
d 
va
lid
at
io
n 
da
ta
 in
 
th
e 
fo
rm
 o
f 
st
re
am
flo
w
 is
 a
lso
 d
iff
icu
lt 
as
 m
os
t 
ga
ug
e 
re
co
rd
s 
ar
e 
no
t 
lo
ng
 e
no
ug
h 
to
 c
ov
er
 a
ll 
va
ria
bi
lit
y. 
Th
e 
fa
ct
 th
at
 z
er
o 
flo
w
s 
ca
nn
ot
 b
e 
us
ed
 a
s c
ali
br
at
io
n 
da
ta
 a
nd
 th
at
 th
es
e 
oc
cu
r f
re
qu
en
tly
 d
oe
s n
ot
 h
elp
 th
e 
sit
ua
tio
n 
(P
ilg
rim
, C
ha
pm
an
 &
 D
or
an
 1
98
8)
. 
C
om
pl
ex
ity
 o
r s
im
pl
ic
ity
 
Th
er
e 
ar
e 
ge
ne
ra
lly
 t
w
o 
re
as
on
s 
fo
r 
in
cr
ea
sin
g 
th
e 
co
m
pl
ex
ity
 i
n 
a 
m
od
el.
 T
he
 f
irs
t 
is 
to
 i
nc
re
as
e 
th
e 
ac
cu
ra
cy
 o
f 
th
e 
pr
ed
ict
io
ns
; 
th
e 
se
co
nd
 i
s 
to
 g
ain
 m
or
e 
in
sig
ht
 i
nt
o 
th
e 
pr
oc
es
se
s. 
In
 t
he
 c
on
te
xt
 o
f 
cli
m
at
e 
ch
an
ge
 a
nd
 f
ut
ur
e 
pr
ed
ict
io
ns
, t
he
 f
irs
t 
se
em
s 
m
or
e 
im
po
rta
nt
. 
H
ow
ev
er
, 
a 
ra
ng
e 
of
 a
ut
ho
rs
 h
av
e 
ar
gu
ed
, 
an
d 
de
m
on
st
ra
te
d,
 t
ha
t 
in
cr
ea
se
d 
co
m
pl
ex
ity
 d
oe
s n
ot
 e
qu
at
e 
to
 in
cr
ea
se
d 
ac
cu
ra
cy
 o
f p
re
di
ct
io
n 
(e
.g
. 
Be
ve
n 
20
01
; 
G
ra
ys
on
, 
M
oo
re
 &
 M
cM
ah
on
 1
99
2;
 J
ak
em
an
 &
 
H
or
nb
er
ge
r 
19
93
; 
Si
lb
er
st
ei
n 
20
06
; 
Si
va
pa
lan
 2
00
3)
. 
Th
is 
ha
s 
led
 t
o 
se
ve
ra
l r
es
ea
rc
he
rs
 a
rg
ui
ng
 f
or
 a
 s
o-
ca
lle
d 
‘to
p-
do
w
n’
 a
pp
ro
ac
h,
 w
hi
ch
 
st
ar
ts
 w
ith
 a
 b
as
ic 
m
od
el 
of
 th
e 
ca
tc
hm
en
t a
nd
 in
cr
ea
se
s 
in
 c
om
pl
ex
ity
 
w
he
n 
ne
ce
ss
ar
y 
( F
ar
m
er
, S
iv
ap
ala
n 
&
 Jo
th
ity
an
gk
oo
n 
20
03
; S
iv
ap
ala
n 
et
 
al 
20
03
; Y
ou
ng
 2
00
3)
, p
ur
el
y 
ba
se
d 
on
 th
e 
in
fo
rm
at
io
n 
in
 th
e 
flo
w
 d
at
a 
se
t. 
Th
is 
is 
at
tra
ct
iv
e 
in
 te
rm
s 
of
 d
ec
re
as
in
g 
th
e 
ne
ed
 fo
r p
ar
am
et
er
s 
an
d 
 1
91
de
liv
er
in
g 
st
at
ist
ica
lly
 s
ou
nd
 p
re
di
ct
io
ns
 a
nd
 t
he
ir 
un
ce
rta
in
tie
s. 
In
 
ad
di
tio
n,
 
ea
ch
 
in
cr
ea
se
 
in
 
co
m
pl
ex
ity
 
sh
ou
ld
 
de
liv
er
 
ad
di
tio
na
l 
in
fo
rm
at
io
n 
ab
ou
t t
he
 b
eh
av
io
ur
 o
f t
he
 c
at
ch
m
en
t (
Si
va
pa
lan
 2
00
3)
.  
 W
hi
le 
w
e 
ca
n 
us
e 
st
at
ist
ics
, s
uc
h 
as
 th
e 
A
ka
ik
e 
In
fo
rm
at
io
n 
Cr
ite
rio
n 
to
 
m
ax
im
ise
 th
e 
pa
rs
im
on
y 
in
 m
od
els
, t
hi
s c
om
es
 a
t a
 c
os
t n
ot
 q
ua
nt
ifi
ed
 in
 
th
e 
st
at
ist
ic.
 T
hi
s 
as
su
m
es
 t
ha
t 
th
e 
un
de
rs
ta
nd
in
g 
of
 t
he
 h
yd
ro
lo
gi
ca
l 
pr
oc
es
se
s 
is 
su
ffi
cie
nt
 t
o 
de
ve
lo
p 
co
nc
ep
tu
al 
m
od
els
. 
Th
e 
sim
pl
er
 
m
od
els
 m
ig
ht
 in
clu
de
 c
on
ce
pt
ua
l s
im
pl
ifi
ca
tio
n,
 w
hi
ch
 m
ig
ht
 o
r 
m
ig
ht
 
no
t r
ep
re
se
nt
 th
e 
tru
e 
co
m
pl
ex
ity
 a
nd
 b
eh
av
io
ur
 o
f t
he
 s
ys
te
m
. I
f t
hi
s 
is 
no
t 
th
e 
ca
se
 t
he
n 
ca
lib
ra
tio
n 
is 
no
 m
or
e 
th
an
 e
xt
en
siv
e 
cu
rv
e 
fit
tin
g,
 
w
hi
ch
 lo
w
er
s t
he
 c
on
fid
en
ce
 in
 th
e 
ou
tc
om
es
. W
hi
le 
th
e 
m
od
el 
m
ig
ht
 b
e 
m
or
e 
pa
rs
im
on
io
us
 in
 th
e 
ca
lib
ra
tio
n 
pe
rio
d 
an
d 
fit
 th
e 
da
ta
 b
et
te
r, 
th
is 
do
es
 n
ot
 a
lw
ay
s 
tra
ns
lat
e 
to
 a
 v
ali
da
tio
n 
pe
rio
d 
(R
ef
sg
aa
rd
 &
 H
en
rik
se
n 
20
04
). 
Th
is 
ca
n 
of
te
n 
be
 se
en
 in
 th
e 
di
ffi
cu
lty
 in
 v
ali
da
tin
g 
m
od
els
; w
hi
le 
a 
m
od
el 
ca
n 
of
te
n 
be
 w
ell
 c
ali
br
at
ed
, v
ali
da
tio
n 
is 
no
t 
ea
sil
y 
ac
hi
ev
ed
 
(R
ef
sg
aa
rd
 
&
 
H
en
rik
se
n 
20
04
). 
U
nd
er
st
an
da
bl
y, 
if 
th
e 
m
od
el 
is 
su
bs
eq
ue
nt
ly 
pe
rtu
rb
ed
 w
ith
 q
ui
te
 d
iff
er
en
t c
lim
at
e 
da
ta
 f
ro
m
 a
 c
lim
at
e 
ch
an
ge
 s
ce
na
rio
, t
he
re
 is
 n
o 
gu
ar
an
te
e 
th
at
 th
e 
hi
st
or
ica
l p
ar
am
et
er
 d
at
a 
ar
e 
va
lid
 f
or
 t
he
 f
ut
ur
e 
pe
rio
ds
 (
e.g
. 
Bo
or
m
an
 &
 S
ef
to
n 
19
97
; 
W
ilb
y 
20
05
). 
M
an
y 
of
 th
e 
pa
pe
rs
 u
sin
g 
th
e 
“t
op
-d
ow
n”
 a
pp
ro
ac
h 
ar
e 
lim
ite
d 
to
 
ca
lib
ra
tio
n 
(e
.g
. 
Fa
rm
er
, 
Si
va
pa
lan
 
&
 
Jo
th
ity
an
gk
oo
n 
20
03
; 
Jo
th
ity
an
gk
oo
n,
 S
iv
ap
ala
n 
&
 F
ar
m
er
 2
00
1;
 S
on
 &
 S
iv
ap
ala
n 
20
07
), 
alt
ho
ug
h 
th
e 
las
t 
pa
pe
r 
us
es
 a
 r
an
ge
 o
f 
di
ffe
re
nt
 d
at
a 
(s
uc
h 
as
 w
at
er
 
qu
ali
ty
 a
nd
 q
ua
nt
ity
). 
O
nl
y 
so
lid
 c
on
ce
pt
ua
l 
un
de
rs
ta
nd
in
g 
w
ill
 a
llo
w
 
sim
pl
ifi
ca
tio
n 
of
 c
om
pl
ex
 m
od
els
, b
ut
 c
on
ve
rs
ely
 th
e 
un
de
rs
ta
nd
in
g 
ca
n 
on
ly 
be
 a
ch
ie
ve
d 
us
in
g 
m
or
e 
co
m
pl
ex
 a
nd
 d
at
a-
ric
h 
m
od
els
, a
nd
 t
hi
s 
ne
ed
s t
o 
be
 re
gu
lar
ly
 c
he
ck
ed
 a
nd
 u
pd
at
ed
. 
E
xa
m
pl
e 
1:
 S
oi
l m
oi
st
ur
e 
ba
lan
ce
s 
Pa
rt 
of
 th
e 
in
sp
ira
tio
n 
fo
r 
th
is 
ch
ap
te
r 
w
as
 g
iv
en
 b
y 
a 
de
ba
te
 a
bo
ut
 th
e 
oc
cu
rr
en
ce
 o
f 
dr
ou
gh
t a
nd
 th
e 
de
fin
iti
on
 o
f 
dr
ou
gh
t i
n 
no
rth
er
n 
N
SW
. 
Th
e 
de
ba
te
 f
oc
us
se
d 
on
 t
he
 q
ue
st
io
n 
w
he
th
er
 i
t 
w
as
 t
he
 r
ain
fa
ll 
de
fic
ien
cy
 
or
 
th
e 
ra
in
fa
ll 
va
ria
bi
lit
y 
an
d 
tim
in
g 
th
at
 
de
fin
ed
 
th
e 
oc
cu
rr
en
ce
 o
f d
ro
ug
ht
. F
ro
m
 a
n 
ag
ric
ul
tu
ra
l o
r n
at
ur
al 
re
so
ur
ce
 p
lan
ni
ng
 
pe
rs
pe
ct
iv
e 
th
e 
lat
te
r 
is 
m
or
e 
im
po
rta
nt
 t
ha
n 
th
e 
fo
rm
er
. T
hi
s 
m
ea
ns
 
th
at
 t
he
 d
ef
in
iti
on
 o
f 
dr
ou
gh
t 
is 
so
m
ew
ha
t 
ne
bu
lo
us
 a
nd
 t
he
 f
ut
ur
e 
 
19
2 
pr
ed
ict
io
n 
of
 d
ro
ug
ht
 e
ve
n 
m
or
e 
so
. 
Th
e 
lit
er
at
ur
e 
is 
qu
ite
 s
im
ila
rly
 
un
de
cid
ed
 a
bo
ut
 th
e 
de
fin
iti
on
 o
f d
ro
ug
ht
 (A
lle
y 
19
84
; B
yu
n 
&
 W
ilh
ite
 
19
99
; D
ra
cu
p,
 L
ee
 &
 P
au
lso
n 
19
80
; H
isd
al 
&
 T
all
ak
se
n 
20
00
; W
he
tto
n 
et
 a
l 1
99
3)
 a
nd
 d
iff
er
en
t c
alc
ul
at
io
ns
 p
ro
ce
du
re
s 
ha
ve
 b
ee
n 
su
gg
es
te
d 
to
 
ca
lcu
lat
e 
th
e 
oc
cu
rr
en
ce
 o
f d
ro
ug
ht
. T
he
se
 p
ro
ce
du
re
s 
di
ffe
r 
de
pe
nd
in
g 
on
 t
he
 p
er
sp
ec
tiv
e, 
fo
r 
ex
am
pl
e, 
w
e 
ca
n 
de
fin
e 
a 
hy
dr
ol
og
ica
l, 
an
 
ag
ric
ul
tu
ra
l 
an
d 
a 
so
ci
oe
co
no
m
ic
 d
ro
ug
ht
 (
D
ra
cu
p,
 L
ee
 &
 P
au
lso
n 
19
80
). 
A
n 
‘ex
ce
pt
io
na
l 
cir
cu
m
st
an
ce
s’,
 d
ec
lar
at
io
n 
by
 t
he
 f
ed
er
al 
an
d 
st
at
e 
go
ve
rn
m
en
ts
 
in
 
A
us
tra
lia
 
ca
n 
be
 
se
en
 
as
 
a 
de
cla
ra
tio
n 
of
 
so
cio
ec
on
om
ic
 d
ro
ug
ht
 (D
on
ne
lly
, F
re
er
 &
 M
oo
re
 1
99
8)
.  
 Fo
r 
fu
tu
re
 a
gr
icu
ltu
ra
l m
an
ag
em
en
t, 
it 
se
em
s 
m
os
t 
im
po
rta
nt
 t
o 
fo
cu
s 
on
 t
he
 p
ro
ba
bi
lit
y 
(li
ke
lih
oo
d)
 o
f 
a 
so
il 
m
oi
st
ur
e 
de
fic
ien
cy
 a
t 
cr
iti
ca
l 
tim
es
. 
So
il 
m
oi
st
ur
e 
de
fic
ien
cy
 h
as
 o
fte
n 
be
en
 s
ug
ge
st
ed
 a
s 
a 
m
or
e 
ob
jec
tiv
e 
ag
ric
ul
tu
ra
l 
dr
ou
gh
t 
cr
ite
rio
n 
th
an
 r
ain
fa
ll 
de
fic
ien
cy
, 
an
d 
ca
lcu
lat
io
n 
ex
am
pl
es
 h
av
e 
be
en
 d
ev
elo
pe
d 
(B
yu
n 
&
 W
ilh
ite
 1
99
9;
 H
isd
al 
&
 T
all
ak
se
n 
20
00
). 
Th
e 
w
ell
-k
no
w
n 
Pa
lm
er
 D
ro
ug
ht
 In
de
x 
is 
als
o 
ba
se
d 
on
 so
m
e 
so
rt 
of
 so
il 
w
at
er
 b
ala
nc
e 
(A
lle
y 
19
84
). 
Th
e 
pr
ob
lem
 in
 th
is 
ca
se
 
is 
th
e 
iss
ue
 o
f 
re
gi
on
ali
sa
tio
n.
 W
hi
le 
it 
is 
no
t 
di
ffi
cu
lt 
to
 c
alc
ul
at
e 
th
e 
ch
an
ge
s 
in
 s
oi
l 
m
oi
st
ur
e 
ov
er
 t
im
e 
at
 a
 p
oi
nt
 i
n 
th
e 
lan
ds
ca
pe
, 
it 
be
co
m
es
 d
iff
icu
lt 
to
 e
xt
en
d 
th
es
e 
re
su
lts
 t
o 
a 
lar
ge
r 
re
gi
on
 o
r 
ac
ro
ss
 
re
gi
on
s 
(a
s 
th
e 
Pa
lm
er
 d
ro
ug
ht
 in
de
x 
at
te
m
pt
s)
 a
s 
sp
at
ial
 v
ar
iab
ili
ty
 o
f 
so
ils
 a
nd
 v
eg
et
at
io
n 
w
ou
ld
 a
ffe
ct
 t
he
 r
es
ul
ts
. 
By
 u
sin
g 
a 
pr
ob
ab
ili
st
ic
 
sy
st
em
, s
uc
h 
di
ffe
re
nc
es
 c
an
, o
f 
co
ur
se
, b
e 
ac
co
un
te
d 
fo
r 
th
ro
ug
h 
th
e 
re
lat
ed
 u
nc
er
ta
in
ty
.  
 Th
e 
ca
lcu
lat
io
n 
of
 s
ta
tis
tic
al 
m
oi
st
ur
e 
di
st
rib
ut
io
ns
 is
 n
ot
 n
ew
; i
n 
fa
ct
 
th
er
e 
ar
e 
a 
se
rie
s 
of
 p
ap
er
s 
de
ali
ng
 w
ith
 t
hi
s 
co
nc
ep
t 
be
gi
nn
in
g 
w
ith
 
E
ag
les
on
 (
19
78
). 
Th
e 
co
nc
ep
t 
ha
s 
lat
er
 b
ee
n 
ex
te
nd
ed
 (
E
nt
ek
ha
bi
, 
Ro
dr
ig
ue
z-
Itu
rb
e 
&
 B
ra
s 
19
92
; L
aio
 e
t a
l 2
00
1;
 M
ill
y 
20
01
; R
od
rig
ue
z-
Itu
rb
e 
20
00
) 
to
 a
llo
w
 c
alc
ul
at
io
n 
of
 c
ro
ss
in
g 
pr
ob
ab
ili
tie
s 
an
d 
pl
an
t 
w
at
er
 st
re
ss
. T
he
 a
dv
an
ta
ge
 o
f t
he
se
 a
pp
ro
ac
he
s i
s t
ha
t t
he
y 
ar
e 
ba
se
d 
on
 
an
 a
na
lyt
ica
l m
od
el 
an
d 
th
is 
all
ow
s 
di
re
ct
 c
alc
ul
at
io
ns
 o
f 
di
st
rib
ut
io
n 
of
 
va
lu
es
 (
th
e 
pr
ob
ab
ili
ty
 d
en
sit
y 
fu
nc
tio
n)
 a
nd
 t
he
 m
ea
n 
an
d 
va
ria
nc
e 
of
 
th
e 
va
ria
bl
e 
in
 q
ue
st
io
n.
 T
he
se
 p
ro
pe
rti
es
 g
iv
e 
a 
su
m
m
ar
y 
of
 th
e 
va
lu
es
, 
th
e 
pr
ob
ab
ili
ty
 d
en
sit
y 
fu
nc
tio
n 
gi
ve
s 
a 
gr
ap
hi
ca
l 
ov
er
vi
ew
 o
f 
th
e 
di
st
rib
ut
io
n 
of
 v
alu
es
, 
w
hi
ch
 c
an
 a
lso
 b
e 
de
sc
rib
ed
 b
y 
su
ch
 s
ta
tis
tic
al 
pa
ra
m
et
er
s 
as
 t
he
 m
ea
n,
 v
ar
ian
ce
 a
nd
 s
ke
w
ne
ss
. 
It 
als
o 
all
ow
s 
th
e 
 1
93
ca
lcu
lat
io
n 
of
 th
e 
lik
eli
ho
od
 (p
ro
ba
bi
lit
y)
 th
at
 s
om
et
hi
ng
 m
ig
ht
 o
r m
ig
ht
 
no
t 
oc
cu
r. 
In
 t
hi
s 
se
ct
io
n,
 a
n 
ex
am
pl
e 
of
 t
he
 c
alc
ul
at
io
n 
of
 t
he
 
pr
ob
ab
ili
ty
 o
f 
a 
ce
rta
in
 s
oi
l 
m
oi
st
ur
e 
st
at
us
 w
ill
 b
e 
gi
ve
n 
fo
r 
tw
o 
di
ffe
re
nt
 so
ils
 in
 tw
o 
lo
ca
tio
ns
 in
 N
SW
. 
M
et
ho
ds
 
Tw
o 
ra
in
fa
ll 
da
ta
se
ts
 f
ro
m
 1
90
1–
19
98
 w
er
e 
ex
tra
ct
ed
 f
ro
m
 R
ain
m
an
 
V
4.
3 
(Q
ue
en
sla
nd
 D
PI
, B
ris
ba
ne
, Q
LD
) f
or
 a
 s
ite
 in
 th
e 
no
rth
 w
es
t o
f 
N
ew
 S
ou
th
 W
ale
s 
(N
SW
) (
W
ar
ial
da
 C
re
ek
 s
ta
tio
n 
41
80
16
) a
nd
 a
 s
ite
 in
 
ce
nt
ra
l w
es
t N
SW
 (L
ac
hl
an
 R
iv
er
 s
ta
tio
n 
41
20
63
). 
M
on
th
ly 
ev
ap
or
at
io
n 
da
ta
 
w
er
e 
ob
ta
in
ed
 
fr
om
 
th
e 
Bu
re
au
 
of
 
M
et
eo
ro
lo
gy
 
w
eb
sit
e 
(h
ttp
:/
/w
w
w
.b
om
.g
ov
.au
). 
Th
e 
tw
o 
sit
es
 h
av
e 
so
m
e 
di
ffe
re
nc
es
 in
 th
eir
 
di
st
rib
ut
io
ns
 o
f 
ra
in
fa
ll 
an
d 
ev
ap
or
at
io
n 
(T
ab
le 
6.
1)
, w
ith
 t
he
 L
ac
hl
an
 
sit
e 
be
in
g 
sli
gh
tly
 h
ig
he
r 
in
 r
ain
fa
ll 
an
d 
da
ily
 e
va
po
ra
tio
n,
 b
ut
 w
ith
 a
 
na
rr
ow
er
 a
nd
 le
ss
 sk
ew
ed
 d
ist
rib
ut
io
n.
  
 T
ab
le
 6
.1
 S
ta
tis
tic
s 
of
 r
ain
fa
ll 
an
d 
ev
ap
or
at
io
n 
fo
r 
W
ar
ial
da
 a
nd
 L
ac
hl
an
 
st
at
io
ns
 u
se
d 
in
 e
xa
m
pl
e 
1 
  
W
ar
ia
ld
a 
L
ac
h
la
n
 
M
ea
n 
da
ily
 ra
in
fa
ll 
de
pt
h 
1.
85
 
1.
95
 
M
ea
n 
dr
y 
sp
ell
 le
ng
th
 
0.
27
 
0.
38
 
V
ar
ian
ce
 d
ail
y 
ra
in
fa
ll 
de
pt
h 
33
.2
 
26
.7
 
Sk
ew
 d
ail
y 
ra
in
fa
ll 
de
pt
h 
6.
58
 
5.
61
 
M
ea
n 
da
ily
 E
va
po
ra
tio
n 
2.
73
 
3.
12
 
V
ar
ian
ce
 d
ail
y 
E
va
po
ra
tio
n 
2.
14
 
1.
97
 
  A
 s
oi
l m
oi
st
ur
e 
ba
lan
ce
 m
od
el,
 s
uc
h 
as
 s
ug
ge
st
ed
 b
y 
M
ill
y 
(2
00
1)
, w
as
 
us
ed
 t
o 
ca
lcu
lat
e 
th
e 
da
ily
 ‘r
ela
tiv
e’ 
so
il 
sa
tu
ra
tio
n 
(s
ca
le 
of
 0
 t
o 
1)
 f
or
 
bo
th
 lo
ca
tio
ns
. T
he
 re
lat
iv
e 
so
il 
sa
tu
ra
tio
n 
(s
) i
s d
ef
in
ed
 a
s: 
 
w
s
w
s






 
 
 
   
   
   
   
   
   
   
   
   
   
   
   
   
 (1
) 
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4 
W
he
re
, 
 is
 th
e 
so
il 
w
at
er
 c
on
te
nt
, 
 w
 is
 th
e 
w
at
er
 c
on
te
nt
 a
t t
he
 w
ilt
in
g 
po
in
t a
nd
 
 s
 is
 th
e 
sa
tu
ra
te
d 
w
at
er
 c
on
te
nt
. T
hi
s 
w
as
 u
se
d 
to
 d
er
iv
e 
th
e 
nu
m
er
ica
l p
ro
ba
bi
lit
y 
de
ns
ity
 f
un
ct
io
n 
of
 th
e 
re
lat
iv
e 
so
il 
sa
tu
ra
tio
n 
fo
r 
bo
th
 lo
ca
tio
ns
 o
n 
tw
o 
re
pr
es
en
ta
tiv
e 
so
il 
ty
pe
s 
(m
ed
iu
m
 li
gh
t 
cla
y 
an
d 
cla
y)
 a
nd
 tw
o 
di
ffe
re
nt
 p
ro
fil
e 
de
pt
hs
 (Z
r) 
(T
ab
le 
6.
2)
. T
hi
s 
m
ea
ns
, d
ail
y 
va
lu
es
 o
f 
so
il 
m
oi
st
ur
e 
w
er
e 
ca
lcu
lat
ed
 f
or
 9
6 
cli
m
at
e 
ye
ar
s 
an
d 
th
es
e 
w
er
e 
su
m
m
ar
ise
d 
in
 th
e 
pr
ob
ab
ili
ty
 d
en
sit
y 
fu
nc
tio
n.
 
 T
ab
le
 6
.2
 P
ar
am
et
er
s 
fo
r 
th
e 
M
ill
y 
(2
00
1)
 s
oi
l m
oi
st
ur
e 
ba
lan
ce
 m
od
el 
fo
r 
th
e 
m
ed
iu
m
 li
gh
t c
lay
 (M
LC
) a
nd
 c
lay
 u
se
d.
  
  
M
ed
iu
m
 li
gh
t 
cl
ay
 (
M
L
C
) 
C
la
y 
Z
r 
(m
m
) 
50
0,
 1
00
0 
50
0,
 1
00
0 
N
 
0.
43
 
0.
37
 
s1
  
0.
86
 
0.
72
 
 N
ot
e: 
Th
e 
pa
ra
m
et
er
 Z
r 
re
pr
es
en
ts
 t
he
 r
oo
t 
or
 p
ro
fil
e 
de
pt
h,
 n
 i
s 
th
e 
po
ro
sit
y 
an
d 
s1
 is
 th
e 
so
il 
sa
tu
ra
tio
n 
at
 w
hi
ch
 ru
no
ff 
oc
cu
rs
. 
  Th
e 
ra
in
fa
ll 
da
ta
se
ts
 w
er
e 
als
o 
us
ed
 to
 d
er
iv
e 
th
e 
m
ea
n 
dr
y-
sp
el
l l
en
gt
h 
an
d 
th
e 
m
ea
n 
ra
in
fa
ll 
de
pt
h 
as
su
m
in
g 
th
e 
ra
in
fa
ll 
ev
en
ts
 f
ol
lo
w
 a
 
Po
iss
on
 d
ist
rib
ut
io
n 
(R
od
rig
ue
z-
Itu
rb
e, 
G
up
ta
 &
 W
ay
m
ire
 1
98
4)
 (T
ab
le
 
6.
1)
. 
Th
is 
is 
th
en
 u
se
d 
to
 d
er
iv
e 
th
e 
th
eo
re
tic
al 
pr
ob
ab
ili
ty
 d
en
sit
y 
fu
nc
tio
n 
of
 th
e 
re
lat
iv
e 
so
il 
sa
tu
ra
tio
n 
(M
ill
y 
20
01
). 
In
 th
is 
ca
se
, t
he
 d
ail
y 
va
lu
es
 w
er
e 
no
t 
ac
tu
all
y 
ca
lc
ul
at
ed
 a
s 
th
e 
va
lu
es
 f
or
 t
he
 p
ro
ba
bi
lit
y 
de
ns
ity
 fu
nc
tio
n 
ca
n 
be
 c
alc
ul
at
ed
 d
ire
ct
ly.
 
R
es
ul
ts
 
A
ll 
th
e 
pr
ob
ab
ili
ty
 
de
ns
iti
es
 
fu
nc
tio
ns
 
(p
df
s)
 
fo
r 
th
e 
re
lat
iv
e 
so
il 
sa
tu
ra
tio
n 
in
di
ca
te
d 
a 
st
ro
ng
 p
ea
k 
(m
ax
im
um
) a
t t
he
 d
ry
 e
nd
 (F
ig
. 6
.2
). 
Th
is 
m
ea
ns
 th
at
 th
e 
so
il 
is 
‘m
os
t l
ik
ely
’ v
er
y 
dr
y. 
N
ot
e 
th
at
 0
 d
oe
s 
no
t 
m
ea
n 
th
at
 th
e 
so
il 
is 
bo
ne
 d
ry
, r
at
he
r 
in
 th
is 
m
od
el 
it 
in
di
ca
te
s 
th
at
 th
e 
so
il 
is 
at
 th
e 
dr
y 
en
d 
of
 th
e 
so
il 
sa
tu
ra
tio
n 
sp
ec
tru
m
 (w
ilt
in
g 
po
in
t) 
an
d 
w
at
er
 a
va
ila
bl
e 
fo
r p
lan
ts
 w
ill
 b
e 
ve
ry
 li
m
ite
d.
 T
he
 st
ro
ng
 p
ea
k 
at
 th
e 
dr
y 
 1
95
en
d 
w
ou
ld
 b
e 
ex
pe
ct
ed
, g
iv
en
 th
at
 b
ot
h 
th
es
e 
ar
ea
s 
ca
n 
be
 c
las
sif
ied
 a
s 
se
m
i-a
rid
.  
 
 
F
ig
u
re
 6
.2
 N
um
er
ica
l a
nd
 t
he
or
et
ica
l p
ro
ba
bi
lit
y 
de
ns
ity
 f
un
ct
io
ns
 (
pd
fs
) 
fo
r 
th
e 
tw
o 
lo
ca
tio
ns
, d
iff
er
en
t s
oi
l t
yp
es
 a
nd
 d
iff
er
en
t r
oo
t d
ep
th
s. 
Th
e 
y-
ax
is 
gi
ve
s 
th
e 
re
lat
iv
e 
fr
eq
ue
nc
y 
of
 o
cc
ur
re
nc
e 
w
ith
 la
rg
e 
va
lu
es
 in
di
ca
tin
g 
m
or
e 
pr
ob
ab
le 
va
lu
es
. A
 la
rg
e 
pe
ak
 (m
ax
im
um
) c
an
 b
e 
ob
se
rv
ed
 a
t t
he
 d
ry
 
en
d 
(a
ro
un
d 
ze
ro
), 
pa
rti
cu
lar
ly 
fo
r 
W
ar
ial
da
, b
ut
 p
ar
tic
ul
ar
ly
 th
e 
gr
ap
hs
 f
or
 
th
e 
La
ch
lan
 lo
ca
tio
n 
in
di
ca
te
 a
 b
im
od
al 
st
ru
ct
ur
e, 
w
ith
 a
 s
ec
on
d 
(s
m
all
er
) 
pe
ak
 n
ea
r s
at
ur
at
io
n,
 in
di
ca
tin
g 
tw
o 
pr
ef
er
re
d 
so
il 
m
oi
st
ur
e 
st
at
es
 (W
es
te
rn
, 
Bl
ös
ch
l &
 G
ra
ys
on
 2
00
1)
.  
 
19
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F
ig
u
re
 6
.3
 C
um
ul
at
iv
e 
di
st
rib
ut
io
ns
 o
f r
el
at
iv
e 
so
il 
sa
tu
ra
tio
n 
in
 M
ay
 fo
r t
he
 
tw
o 
lo
ca
tio
ns
 a
nd
 d
iff
er
en
t s
oi
ls 
an
d 
ro
ot
 d
ep
th
s. 
Th
e 
re
su
lts
 in
di
ca
te
 th
at
 
th
er
e 
is 
ge
ne
ra
lly
 a
 lo
w
 p
ro
ba
bi
lit
y 
th
at
 th
e 
re
lat
iv
e 
so
il 
sa
tu
ra
tio
n 
w
ou
ld
 b
e 
ab
ov
e 
0.
5 
(o
r h
alf
 fu
ll 
m
oi
st
ur
e 
pr
of
ile
) a
t b
ot
h 
lo
ca
tio
ns
. 
 Th
e 
th
eo
re
tic
al 
pd
fs
 a
re
 e
ve
n 
m
or
e 
sk
ew
ed
 t
ha
n 
th
e 
nu
m
er
ica
l 
pd
fs
, 
m
ea
ni
ng
 th
at
 th
ey
 in
di
ca
te
 e
ve
n 
st
ro
ng
er
 th
e 
fa
ct
 th
at
 th
e 
so
ils
 a
re
 ‘m
os
t 
lik
ely
’ d
ry
. T
he
 m
ea
ns
 a
nd
 v
ar
ian
ce
s 
of
 t
he
 n
um
er
ica
l d
ist
rib
ut
io
ns
 a
re
 
m
uc
h 
hi
gh
er
 t
ha
n 
th
e 
th
eo
re
tic
al 
di
st
rib
ut
io
ns
, 
in
di
ca
tin
g 
th
at
 t
he
 
th
eo
re
tic
al 
di
st
rib
ut
io
ns
 
pr
ob
ab
ly 
un
de
re
st
im
at
e 
th
e 
pr
ob
ab
ili
tie
s 
(li
ke
lih
oo
d)
 o
f 
th
e 
so
il 
be
in
g 
w
et
 a
nd
 o
ve
re
st
im
at
e 
th
e 
pr
ob
ab
ili
ty
 
as
so
cia
te
d 
w
ith
 
th
e 
dr
y 
en
d.
 
H
ow
ev
er
, 
ov
er
all
 
th
e 
sh
ap
e 
of
 
th
e 
 1
97
th
eo
re
tic
al 
pd
fs
 i
s 
sim
ila
r 
to
 t
he
 n
um
er
ic
al 
pd
fs
, 
pa
rti
cu
lar
 f
or
 t
he
 
W
ar
ial
da
 lo
ca
tio
n.
 
 In
te
re
st
in
gl
y, 
th
e 
La
ch
lan
 d
ist
rib
ut
io
ns
 a
re
 b
im
od
al 
w
ith
 a
 s
ec
on
d 
(s
m
all
er
) p
ea
k 
oc
cu
rr
in
g 
at
 th
e 
w
et
 e
nd
 (F
ig
. 6
.2
). 
Th
is 
in
di
ca
te
s 
th
at
 th
e 
so
il 
w
ill
 a
lso
 b
e 
at
 t
he
 w
et
 e
nd
 f
or
 s
ig
ni
fic
an
t 
in
te
rv
als
, b
ut
 d
oe
s 
no
t 
sp
en
d 
m
uc
h 
tim
e 
at
 th
e 
in
te
rm
ed
iat
e 
lev
els
 (W
es
te
rn
, B
lö
sc
hl
 &
 G
ra
ys
on
 
20
01
). 
Si
m
ila
r r
es
po
ns
es
 fo
r a
 s
em
i-a
rid
 c
lim
at
e 
ha
ve
 a
lso
 b
ee
n 
in
di
ca
te
d 
by
 E
nt
ek
ha
bi
, R
od
rig
ue
z-
Itu
rb
e 
&
 B
ra
s 
(1
99
2)
 a
nd
 th
is 
ha
s 
be
en
 re
lat
ed
 
to
 t
he
 f
ac
t 
th
at
 a
 s
ig
ni
fic
an
t 
sh
oc
k 
is 
ne
ed
ed
 t
o 
m
ov
e 
fr
om
 a
 d
ro
ug
ht
 
(lo
w
 m
oi
st
ur
e)
 t
o 
a 
w
et
te
r 
re
gi
m
e 
an
d 
vi
ce
 v
er
sa
. T
he
 r
es
ul
ts
 in
di
ca
te
 
th
at
 th
e 
W
ar
ial
da
 lo
ca
tio
n 
is 
les
s 
lik
ely
 to
 h
av
e 
sig
ni
fic
an
t s
oi
l m
oi
st
ur
e 
du
rin
g 
th
e 
ye
ar
 a
nd
 i
s 
m
or
e 
lik
ely
 t
o 
ha
ve
 a
 d
ry
 p
ro
fil
e. 
O
ve
ra
ll 
th
e 
re
su
lts
 in
di
ca
te
 t
ha
t, 
ba
se
d 
on
 t
he
 d
at
a 
of
 t
he
 la
st
 c
en
tu
ry
, t
he
 s
oi
l i
n 
W
ar
ial
da
 h
as
 b
ee
n 
m
or
e 
of
te
n 
dr
y 
th
an
 w
et
, w
hi
le 
th
e 
La
ch
lan
 s
oi
ls 
ha
d 
a 
bi
t 
hi
gh
er
 l
ik
eli
ho
od
 o
f 
ha
vi
ng
 s
om
e 
so
il 
m
oi
st
ur
e 
an
d 
th
is 
is 
als
o 
re
fle
ct
ed
 i
n 
th
e 
m
ea
ns
 o
f 
th
e 
di
st
rib
ut
io
ns
 (
Ta
bl
e 
6.
3)
. 
Th
is 
ha
s, 
of
 
co
ur
se
, s
er
io
us
 im
pl
ica
tio
ns
 fo
r a
gr
icu
ltu
ra
l m
an
ag
em
en
t. 
Th
e 
th
eo
re
tic
al 
m
ea
ns
 a
gr
ee
 b
et
te
r 
w
ith
 t
he
 n
um
er
ica
l 
re
su
lts
 i
n 
th
e 
dr
ier
 l
oc
at
io
n 
(W
ar
ial
da
, 
Ta
bl
e 
3)
, 
ag
ain
 i
nd
ica
tin
g 
th
e 
un
de
re
st
im
at
io
n 
of
 t
he
 s
oi
l 
sa
tu
ra
tio
n.
 T
he
 f
ac
t 
th
at
 t
he
 n
um
er
ica
l p
df
s 
in
 t
he
 d
rie
r 
lo
ca
tio
n 
ag
re
e 
re
as
on
ab
ly 
w
ith
 t
he
 t
he
or
et
ic
al 
pd
fs
 m
ea
ns
 t
ha
t 
th
e 
th
eo
re
tic
al 
pd
fs
 
co
ul
d 
als
o 
be
 u
se
d 
to
 c
alc
ul
at
e 
br
oa
d 
st
at
ist
ics
 f
or
 t
he
 a
ve
ra
ge
 r
ela
tiv
e 
so
il 
sa
tu
ra
tio
n 
st
at
us
. 
 T
ab
le
 6
.3
 S
ta
tis
tic
s 
fo
r 
th
e 
nu
m
er
ic
al 
an
d 
th
eo
re
tic
al 
pd
fs
 f
or
 th
e 
di
ffe
re
nt
 
so
il 
ty
pe
s a
nd
 ro
ot
 d
ep
th
s a
t t
he
 W
ar
ial
da
 a
nd
 L
ac
hl
an
 st
at
io
ns
.  
  
So
il 
Z
r 
M
ea
n
 
n
u
m
er
ic
al
 
M
ea
n
 
th
eo
re
ti
ca
l 
V
ar
ia
n
ce
 
n
u
m
er
ic
al
 
V
ar
ia
n
ce
 
th
eo
re
ti
ca
l 
W
ar
ia
ld
a 
M
L
C
 
50
0 
0.
12
 
0.
07
 
0.
04
 
0.
01
4 
 
C
la
y 
50
0 
0.
12
 
0.
10
 
0.
03
 
0.
02
5 
 
M
L
C
 
10
00
 
0.
08
 
0.
04
 
0.
02
 
0.
00
3 
 
C
la
y 
10
00
 
0.
08
 
0.
05
 
0.
02
 
0.
00
7 
L
ac
h
la
n
 
M
L
C
 
50
0 
0.
34
 
0.
08
 
0.
11
 
0.
01
4 
 
C
la
y 
50
0 
0.
30
 
0.
11
 
0.
08
 
0.
02
6 
 
M
L
C
 
10
00
 
0.
29
 
0.
04
 
0.
08
 
0.
00
4 
 
C
la
y 
10
00
 
0.
27
 
0.
06
 
0.
07
 
0.
00
7 
 N
ot
e: 
M
LC
 is
 m
ed
iu
m
 li
gh
t c
lay
, Z
r i
s t
he
 ro
ot
 d
ep
th
. 
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 Th
e 
sa
m
e 
re
su
lts
 c
an
 a
lso
 b
e 
an
aly
se
d 
us
in
g 
a 
cu
m
ul
at
iv
e 
di
st
rib
ut
io
n.
 
Th
is 
all
ow
s 
th
e 
es
tim
at
io
n 
of
 t
he
 p
ro
ba
bi
lit
y 
of
 h
av
in
g 
a 
ce
rta
in
 s
oi
l 
sa
tu
ra
tio
n 
lev
el
 (
fo
r 
ex
am
pl
e 
ne
ed
ed
 f
or
 p
lan
tin
g 
cr
op
s 
or
 t
o 
es
tim
at
e 
ru
no
ff 
po
te
nt
ial
 o
f 
pr
ed
ict
ed
 r
ain
fa
ll)
 f
or
 th
e 
di
ffe
re
nt
 s
oi
ls.
 I
n 
re
lat
io
n 
to
 p
lan
tin
g 
cr
op
s, 
th
e 
m
os
t c
ru
cia
l t
im
e 
fo
r w
he
at
 p
ro
du
ct
io
n 
is 
th
e 
so
il 
m
oi
st
ur
e 
st
at
us
 in
 M
ay
, w
he
n 
m
os
t g
ro
w
er
s w
ou
ld
 li
ke
 a
 fu
ll-
 o
r h
alf
-fu
ll 
so
il 
m
oi
st
ur
e 
pr
of
ile
 fo
r 
pl
an
tin
g.
 U
sin
g 
th
e 
da
ta
 fr
om
 th
e 
so
il 
m
oi
st
ur
e 
ba
lan
ce
 
an
d 
pl
ot
tin
g 
th
e 
cu
m
ul
at
iv
e 
pr
ob
ab
ili
tie
s 
of
 
re
lat
iv
e 
so
il 
sa
tu
ra
tio
n 
fo
r t
he
 m
on
th
 o
f M
ay
, i
t i
s 
cle
ar
 th
at
 th
e 
pr
os
pe
ct
s 
of
 h
av
in
g 
su
ffi
cie
nt
 m
oi
st
ur
e 
fo
r 
w
he
at
 p
lan
tin
g 
(i.
e. 
50
%
 f
ul
l o
r 
hi
gh
er
, o
r 
ab
ov
e 
0.
5 
on
 t
he
 y
-a
xi
s)
 a
re
 i
n 
fa
ct
 q
ui
te
 s
lim
 (
Fi
g.
 6
.4
). 
Pr
ob
ab
ili
tie
s 
ar
e 
ge
ne
ra
lly
 s
m
all
 (
be
lo
w
 2
0%
), 
in
di
ca
tin
g 
th
at
, i
n 
es
se
nc
e, 
su
ffi
cie
nt
 s
oi
l 
m
oi
st
ur
e 
fo
r 
pl
an
tin
g 
ca
n 
on
ly
 b
e 
ex
pe
ct
ed
 o
ne
 in
 fi
ve
 y
ea
rs
. G
iv
en
 th
e 
lim
ite
d 
nu
m
be
r o
f s
oi
ls 
an
d 
th
e 
sim
pl
e 
so
il 
m
oi
st
ur
e 
m
od
el 
ap
pl
ied
, t
hi
s 
is 
of
 c
ou
rs
e 
a 
so
m
ew
ha
t u
nc
er
ta
in
 e
st
im
at
e. 
 Th
e 
an
aly
sis
 
ho
w
ev
er
 
in
di
ca
te
s 
tw
o 
m
ajo
r 
po
in
ts
. 
Th
e 
bi
m
od
al 
be
ha
vi
ou
r 
in
di
ca
te
s 
th
at
 t
he
 s
oi
l 
m
oi
st
ur
e 
st
at
us
 b
as
ica
lly
 r
ev
ol
ve
s 
ar
ou
nd
 tw
o 
st
at
es
, o
ne
 w
et
 a
nd
 o
ne
 d
ry
 (i
.e.
 W
es
te
rn
, B
lö
sc
hl
 &
 G
ra
ys
on
 
20
01
). 
Si
gn
ifi
ca
nt
 w
ea
th
er
 c
ha
ng
es
 (
su
ch
 a
s 
a 
‘L
a 
N
iñ
a’ 
or
 ‘
E
l 
N
iñ
o’
 
ev
en
t) 
ar
e 
ne
ed
ed
 to
 m
ov
e 
fr
om
 o
ne
 s
ta
te
 to
 th
e 
ot
he
r. 
Th
is 
als
o 
m
ea
ns
 
th
at
 a
fte
r 
a 
pr
ol
on
ge
d 
dr
y 
pe
rio
d,
 th
er
e 
re
m
ain
s 
a 
sig
ni
fic
an
t p
ro
ba
bi
lit
y 
of
 r
et
ur
ni
ng
 t
o 
th
e 
dr
y 
so
il 
m
oi
st
ur
e 
st
at
us
 e
ve
n 
af
te
r 
so
m
e 
ra
in
. 
Se
co
nd
ly,
 t
he
 u
se
 o
f 
th
e 
cu
m
ul
at
iv
e 
pr
ob
ab
ili
ty
 d
ist
rib
ut
io
n 
all
ow
s 
an
 
as
se
ss
m
en
t o
f t
he
 ‘a
ve
ra
ge
’ r
isk
 fo
r a
gr
icu
ltu
ra
l p
ro
du
ct
io
n 
in
 th
e 
ar
ea
. I
t 
in
di
ca
te
s t
he
 p
ro
ba
bi
lit
y 
of
 a
 c
er
ta
in
 m
oi
st
ur
e 
pr
of
ile
 in
 th
e 
fu
tu
re
, p
ur
el
y 
ba
se
d 
on
 th
e 
hi
st
or
ica
l c
lim
at
e 
da
ta
 a
nd
 th
e 
so
il 
pr
op
er
tie
s. 
 U
nd
er
 c
lim
at
e 
ch
an
ge
, t
he
 d
ist
rib
ut
io
ns
 w
ou
ld
 o
f c
ou
rs
e 
sh
ift
, b
ut
 a
s t
he
 
m
od
el 
do
es
 n
ot
 in
vo
lv
e 
an
y 
ca
lib
ra
tio
n,
 b
ut
 is
 b
as
ed
 o
n 
th
e 
‘av
er
ag
e’ 
so
il 
ch
ar
ac
te
ris
tic
s 
in
 t
he
 a
re
a, 
th
er
e 
w
ou
ld
 b
e 
lit
tle
 c
ha
ng
e 
in
 t
he
 s
oi
l 
pa
ra
m
et
er
s. 
Th
e 
di
ffi
cu
lty
 o
f g
en
er
at
in
g 
re
pr
es
en
ta
tiv
e 
da
ily
 ra
in
fa
ll 
da
ta
 
fr
om
 c
lim
at
e 
ch
an
ge
 sc
en
ar
io
s t
o 
dr
iv
e 
th
e 
m
od
el 
re
m
ain
s (
Ch
iew
 2
00
6)
. 
H
ow
ev
er
, 
w
hi
le 
in
 t
hi
s 
ca
se
 t
he
 r
ain
fa
ll 
am
ou
nt
, 
as
 w
ell
 a
s 
th
e 
da
ily
 
di
st
rib
ut
io
n 
is 
im
po
rta
nt
, 
a 
st
oc
ha
st
ic 
re
ali
sa
tio
n 
of
 t
he
 r
ain
fa
ll 
da
ta
 
w
ou
ld
 b
e 
su
ffi
cie
nt
. 
 
 1
99
 
F
ig
u
re
 6
.4
 V
ar
iat
io
n 
in
 c
ali
br
at
ed
 p
ar
am
et
er
s f
or
 fi
ve
-y
ea
r m
ov
in
g 
w
in
do
w
s 
fo
r 
fo
ur
 o
f 
th
e 
ca
tc
hm
en
ts
 in
 th
e 
K
ar
ua
h 
H
yd
ro
lo
gy
 R
es
ea
rc
h 
ca
tc
hm
en
ts
 
fr
om
 1
97
6 
to
 2
00
5.
 P
ar
am
et
er
s 
ar
e 
pl
ot
te
d 
ag
ain
st
 t
he
 s
ta
rt 
ye
ar
 o
f 
th
e 
m
ov
in
g 
w
in
do
w
. S
om
e 
of
 th
e 
pa
ra
m
et
er
s 
ar
e 
cle
ar
ly 
hi
gh
ly 
va
ria
bl
e 
in
 ti
m
e, 
w
hi
le 
ot
he
rs
 a
re
 re
lat
iv
ely
 st
ab
le.
 
E
xa
m
pl
e 
2:
 T
em
po
ra
l v
ar
iab
ili
ty
 o
f 
m
od
el 
pa
ra
m
et
er
s 
N
SW
 S
ta
te
 F
or
es
ts
 h
as
 a
 lo
ng
-te
rm
 m
on
ito
rin
g 
pr
og
ra
m
 o
n 
a 
se
rie
s 
of
 
re
se
ar
ch
 c
at
ch
m
en
ts
 o
n 
th
e 
m
id
-n
or
th
 c
oa
st
 o
f 
N
SW
, n
ea
r 
Ch
ich
es
te
r 
on
 t
he
 h
ea
dw
at
er
s 
of
 t
he
 T
ele
gh
er
ry
 R
iv
er
. 
Th
es
e 
ca
tc
hm
en
ts
, 
th
e 
 
20
0 
K
ar
ua
h 
H
yd
ro
lo
gy
 R
es
ea
rc
h,
 w
er
e 
or
ig
in
all
y 
se
t u
p 
to
 st
ud
y 
th
e 
ef
fe
ct
 o
f 
lo
gg
in
g 
on
 
ca
tc
hm
en
t 
w
at
er
 
yie
ld
s 
(C
or
ni
sh
 
19
93
). 
So
m
e 
of
 
th
e 
ca
tc
hm
en
ts
 w
er
e 
lo
gg
ed
 in
 1
98
3,
 w
hi
le 
ot
he
rs
 h
av
e 
ne
ve
r 
be
en
 lo
gg
ed
 
(C
or
ni
sh
 
19
93
). 
Tw
o 
ea
rli
er
 
pa
pe
rs
 
de
sc
rib
e 
th
e 
ch
an
ge
s 
in
 
th
e 
ca
tc
hm
en
t w
at
er
 y
iel
d 
an
d 
th
e 
ch
an
ge
s 
in
 e
va
po
tra
ns
pi
ra
tio
n 
as
 a
 r
es
ul
t 
of
 th
e 
lo
gg
in
g 
tre
at
m
en
ts
 (C
or
ni
sh
 1
99
3;
 C
or
ni
sh
 &
 V
er
te
ss
y 
20
01
). 
Th
is 
ex
am
pl
e 
w
ill
 n
ot
 r
es
ea
rc
h 
th
at
 a
sp
ec
t, 
bu
t 
th
e 
go
od
 q
ua
lit
y 
st
re
am
flo
w
 
da
ta
 fo
r t
he
 c
at
ch
m
en
ts
, w
hi
ch
 is
 a
va
ila
bl
e 
fr
om
 1
97
6 
to
 2
00
5,
 c
re
at
es
 a
n 
op
po
rtu
ni
ty
 to
 s
tu
dy
 th
e 
te
m
po
ra
l v
ar
iab
ili
ty
 o
f p
ar
am
et
er
s 
in
 a
 r
ain
fa
ll-
ru
no
ff 
m
od
el.
 
M
et
ho
ds
 
Th
e 
da
ta
 w
er
e 
su
bd
iv
id
ed
 in
to
 f
iv
e-
ye
ar
 m
ov
in
g 
w
in
do
w
s 
an
d 
a 
ra
in
fa
ll 
ru
no
ff 
m
od
el,
 th
e 
CM
D
 v
er
sio
n 
of
 I
H
A
CR
E
S 
(C
ro
ke
 &
 Ja
ke
m
an
 2
00
4;
 
E
va
ns
 &
 J
ak
em
an
 1
99
8)
, w
as
 u
se
d 
to
 p
re
di
ct
 th
e 
st
re
am
flo
w
 o
ve
r 
ea
ch
 
pe
rio
d 
fo
r 
th
e 
fir
st
 f
ou
r 
ca
tc
hm
en
ts
. O
f 
th
es
e, 
th
re
e 
ha
ve
 b
ee
n 
lo
gg
ed
, 
w
hi
le 
th
e 
Cr
ab
ap
pl
e 
ca
tc
hm
en
t 
ha
s 
ne
ve
r 
be
en
 lo
gg
ed
 (
Co
rn
ish
 1
99
3)
. 
M
ax
im
um
 t
em
pe
ra
tu
re
 w
as
 u
se
d 
as
 a
 p
ro
xy
 f
or
 p
ot
en
tia
l 
ev
ap
or
at
io
n 
(C
ro
ke
 &
 J
ak
em
an
 2
00
4;
 E
va
ns
 &
 S
ch
re
id
er
 2
00
2)
 a
nd
 r
ain
fa
ll 
w
as
 
so
ur
ce
d 
fr
om
 t
he
 n
ea
rb
y 
Ch
ich
es
te
r 
da
m
 w
ea
th
er
 s
ta
tio
n.
 T
he
 C
M
D
 
ve
rs
io
n 
of
 t
he
 I
H
A
CR
E
S 
m
od
el 
ha
s 
a 
to
ta
l 
of
 e
ig
ht
 p
ar
am
et
er
s 
th
at
 
de
sc
rib
e 
th
e 
st
re
am
flo
w
 r
es
po
ns
e 
of
 t
he
 c
at
ch
m
en
t. 
Th
re
e 
of
 t
he
 
pa
ra
m
et
er
s c
an
 b
e 
re
ad
ily
 fi
xe
d 
(C
ro
ke
 a
nd
 Ja
ke
m
an
 2
00
4)
 a
nd
 th
es
e 
ar
e: 
f, 
w
hi
ch
 is
 th
e 
ra
tio
 b
et
w
ee
n 
th
e 
flo
w
 a
nd
 th
e 
st
re
ss
 th
re
sh
ol
ds
, d
1 
(m
m
), 
w
hi
ch
 is
 t
he
 f
lo
w
 t
hr
es
ho
ld
 a
nd
 n
, t
he
 b
ala
nc
e 
be
tw
ee
n 
th
e 
tw
o 
lin
ea
r 
se
gm
en
ts
 o
f 
th
e 
dr
ain
ag
e 
eq
ua
tio
n.
 O
f 
th
e 
ot
he
r 
fiv
e 
pa
ra
m
et
er
s, 
fo
ur
 
de
sc
rib
e 
th
e 
ba
lan
ce
 b
et
w
ee
n 
qu
ick
 fl
ow
 (f
) (
ge
ne
ra
lly
 d
ire
ct
 ru
no
ff
) a
nd
 
slo
w
 f
lo
w
 (s
) (
of
te
n 
gr
ou
nd
w
at
er
 in
pu
t):
 a
lp
ha
 f 
an
d 
alp
ha
 s
, t
he
 d
ec
ay
 
pa
ra
m
et
er
s 
(u
ni
tle
ss
) f
or
 th
e 
qu
ick
 a
nd
 s
lo
w
 f
lo
w
 a
nd
 b
et
a 
f a
nd
 b
et
a 
s, 
pa
ra
m
et
er
s 
(u
ni
tle
ss
) 
w
hi
ch
 d
et
er
m
in
e 
th
e 
fr
ac
tio
ns
 o
f 
qu
ick
 a
nd
 s
lo
w
 
flo
w
 i
n 
th
e 
fin
al 
ou
tp
ut
 (
fo
r 
a 
fu
ll 
de
sc
rip
tio
n 
se
e 
Cr
ok
e 
&
 J
ak
em
an
 
20
04
). 
Th
e 
fin
al 
pa
ra
m
et
er
 is
 e
 (
un
itl
es
s 
or
 m
m
/o
C)
, w
hi
ch
 d
et
er
m
in
es
 
th
e 
tra
ns
fo
rm
at
io
n 
of
 
th
e 
da
ily
 
ev
ap
or
at
io
n 
(o
r 
da
ily
 
m
ax
im
um
 
te
m
pe
ra
tu
re
) t
o 
ev
ap
ot
ra
ns
pi
ra
tio
n.
  
 Fo
llo
w
in
g 
th
e 
su
gg
es
tio
ns
 b
y 
Cr
ok
e 
an
d 
Ja
ke
m
an
 (
20
04
), 
th
e 
las
t 
fiv
e 
m
en
tio
ne
d 
pa
ra
m
et
er
s 
w
er
e 
ca
lib
ra
te
d 
(T
ab
le 
6.
4)
 u
sin
g 
a 
fiv
e-
ye
ar
 
m
ov
in
g 
w
in
do
w
 o
ve
r 
th
e 
da
ta
 (
i.e
. 1
97
6–
19
81
, 1
97
7–
19
82
, 1
97
8–
19
83
, 
 2
01
et
c.)
. 
Th
is 
m
ea
ns
 2
6 
fiv
e-
ye
ar
 d
at
as
et
s 
w
er
e 
us
ed
, 
w
hi
ch
 a
ll 
pa
rtl
y 
ov
er
lap
pe
d 
w
ith
 
th
eir
 
ne
ig
hb
ou
rs
. 
Pa
ra
m
et
er
 
un
ce
rta
in
ty
 
w
as
 
no
t 
an
aly
se
d 
he
re
, 
bu
t 
th
is 
co
ul
d 
ad
d 
ad
di
tio
na
l 
co
m
pl
ex
ity
 (
W
ilb
y 
20
05
). 
Th
e 
pa
ra
m
et
er
s 
w
er
e 
ca
lib
ra
te
d 
by
 m
at
ch
in
g 
th
e 
ob
se
rv
ed
 f
lo
w
 d
at
a 
to
 
th
e 
pr
ed
ict
ed
 fl
ow
 d
at
a 
an
d 
by
 m
ax
im
isi
ng
 th
e 
N
as
h-
Su
tc
lif
fe
 E
ffi
cie
nc
y 
(N
SE
). 
Th
e 
N
SE
 is
 a
 s
ta
nd
ar
d 
m
ea
su
re
 fo
r g
oo
dn
es
s 
of
 fi
t i
n 
hy
dr
ol
og
y 
an
d 
is 
de
fin
ed
 a
s 1
 m
in
us
 th
e 
ra
tio
 o
f t
he
 v
ar
ian
ce
 o
f t
he
 o
bs
er
ve
d 
m
in
us
 
pr
ed
ic
te
d 
da
ta
 d
iv
id
ed
 b
y 
th
e 
va
ria
nc
e 
of
 t
he
 o
bs
er
ve
d 
da
ta
 (
Be
ve
n 
20
01
): 
 
 
1
e o
N
SE
 


  
   
   
   
   
   
   
   
   
   
   
   
   
   
 (2
) 
V
alu
es
 o
f N
SE
 c
lo
se
 to
 1
 in
di
ca
te
 a
 g
oo
d 
fit
, w
hi
le
 0
 o
r 
ne
ga
tiv
e 
va
lu
es
 
in
di
ca
te
 th
at
 th
e 
m
od
el 
is 
no
 b
et
te
r t
ha
n 
fit
tin
g 
th
e 
av
er
ag
e 
va
lu
e. 
 T
ab
le
 6
.4
 O
ve
rv
iew
 o
f 
ca
lib
ra
tio
n 
pa
ra
m
et
er
s 
fo
r 
th
e 
CM
D
 I
H
A
CR
E
S 
m
od
el
.  
 P
ar
am
et
er
 
In
it
ia
l v
al
u
e 
U
p
p
er
 b
ou
n
d
 
L
ow
er
 b
ou
n
d
 
al
p
h
a 
f (
-)
 
-0
.7
 
-0
.1
 
-1
 
al
p
h
a 
s 
(-
) 
-0
.0
1 
-1
E
-1
0 
-0
.0
1 
b
et
a 
f (
-)
 
0.
5 
1 
0.
00
1 
b
et
a 
s 
(-
) 
0.
5 
1 
0.
00
1 
e 
(m
m
 o
C
-1
) 
0.
15
 
1 
0.
01
 
f 
0.
93
 
Fi
xe
d 
 
d1
 (
m
m
) 
20
0 
Fi
xe
d 
 
n 
0.
1 
Fi
xe
d 
 
N
ot
e: 
Th
e 
f (
ra
tio
 o
f t
he
 fl
ow
 a
nd
 s
tre
ss
 th
re
sh
ol
ds
, d
1 
(th
e 
flo
w
 th
re
sh
ol
d)
 
an
d 
n 
(th
e 
ba
lan
ce
 b
et
w
ee
n 
th
e 
tw
o 
lin
ea
r 
se
gm
en
ts
 o
f 
th
e 
dr
ain
ag
e 
eq
ua
tio
n)
 p
ar
am
et
er
s w
er
e 
fix
ed
 (C
ro
ke
 &
 Ja
ke
m
an
 2
00
4)
. 
R
es
ul
ts
 
So
m
e 
of
 t
he
 c
ali
br
at
io
ns
 o
f 
th
e 
m
od
el 
w
er
e 
no
t 
ve
ry
 g
oo
d 
w
ith
 N
SE
 
va
lu
es
 ra
ng
in
g 
fr
om
 n
eg
at
iv
e 
(in
di
ca
tin
g 
no
 fi
t) 
to
 0
.7
9 
(in
di
ca
tin
g 
a 
go
od
 
fit
) 
(F
ig
 6
.4
). 
Th
is 
‘g
oo
dn
es
s 
of
 f
it’
 is
 a
lso
 e
xp
re
ss
ed
 b
y 
th
e 
r-s
qu
ar
ed
 
(w
hi
ch
 i
nd
ica
te
s 
th
e 
co
rr
ela
tio
n 
be
tw
ee
n 
ob
se
rv
ed
 a
nd
 p
re
di
ct
ed
) 
an
d 
 
20
2 
th
e 
bi
as
 (
in
 m
m
, w
hi
ch
 in
di
ca
te
s 
ho
w
 m
uc
h 
th
e 
m
od
el 
ov
er
 o
r 
un
de
r 
pr
ed
ict
s)
 (
Fi
g.
 6
.4
). 
H
ow
ev
er
 m
os
t 
of
 t
he
 f
itt
ed
 p
ar
am
et
er
s 
in
di
ca
te
 
te
m
po
ra
l v
ar
iab
ili
ty
 (F
ig
. 6
.4
). 
G
iv
en
 th
at
 s
om
e 
of
 th
e 
ca
lib
ra
tio
n 
re
su
lts
 
w
er
e 
qu
ite
 l
ow
, 
it 
m
ea
ns
 t
ha
t 
th
e 
re
su
lts
 o
f 
th
is 
st
ud
y 
sh
ou
ld
 b
e 
in
te
rp
re
te
d 
w
ith
 so
m
e 
ca
ut
io
n.
  
 Th
e 
va
ria
tio
n 
in
 s
om
e 
of
 t
he
 p
ar
am
et
er
s 
(s
uc
h 
as
 t
he
 q
ui
ck
 f
lo
w
 
pa
ra
m
et
er
s, 
alp
ha
 f 
an
d 
be
ta
 f 
) i
s 
qu
ite
 s
ub
st
an
tia
l (
Fi
g.
 6
.4
). 
In
 p
ra
ct
ic
e 
th
is 
w
ou
ld
 t
ra
ns
lat
e 
in
 v
ar
yin
g 
am
ou
nt
s 
of
 q
ui
ck
 f
lo
w
 (
or
 s
tre
am
flo
w
 
w
hi
ch
 q
ui
ck
ly 
re
sp
on
ds
 t
o 
ra
in
fa
ll)
 b
ei
ng
 p
re
di
ct
ed
 o
ve
r 
tim
e. 
Th
is 
va
ria
tio
n 
is 
no
 d
iff
er
en
t f
or
 th
e 
ca
tc
hm
en
ts
 w
hi
ch
 w
er
e 
lo
gg
ed
 a
nd
 th
e 
ca
tc
hm
en
t w
hi
ch
 w
as
 n
ot
 lo
gg
ed
 (C
ra
ba
pp
le)
. T
he
 lo
w
es
t v
ar
ian
ce
 is
 in
 
th
e 
Ba
rr
at
a 
ca
tc
hm
en
t, 
w
hi
ch
 a
lso
 h
ad
 th
e 
lo
w
es
t c
ha
ng
e 
in
 w
at
er
 y
iel
d 
fo
llo
w
in
g 
lo
gg
in
g 
(C
or
ni
sh
 1
99
3)
. I
n 
co
nt
ra
st
, t
he
 u
nl
og
ge
d 
Cr
ab
ap
pl
e 
ca
tc
hm
en
t 
ha
s 
th
e 
hi
gh
es
t 
va
ria
tio
n.
 T
hi
s 
alr
ea
dy
 i
nd
ica
te
s 
th
at
 t
he
 
as
su
m
pt
io
n 
of
 t
em
po
ra
l 
pa
ra
m
et
er
 s
ta
bi
lit
y 
is 
cle
ar
ly 
un
te
na
bl
e, 
ev
en
 
w
ith
ou
t t
he
 la
nd
 u
se
 e
ffe
ct
s 
in
clu
de
d 
in
 th
es
e 
da
ta
. S
im
ila
r 
va
ria
tio
n 
in
 
pa
ra
m
et
er
s 
in
 t
im
e 
in
 r
ain
fa
ll-
ru
no
ff 
m
od
ell
in
g 
w
er
e 
als
o 
fo
un
d 
in
 a
 
ca
lib
ra
tio
n 
an
d 
va
lid
at
io
n 
ex
am
pl
e 
fo
r 
th
e 
Th
am
es
 R
iv
er
 (
W
ilb
y 
20
05
) 
an
d 
is 
of
te
n 
en
co
un
te
re
d 
w
he
n 
at
te
m
pt
in
g 
to
 v
ali
da
te
 m
od
els
, i
nd
ica
tin
g 
th
at
 th
is 
re
su
lt 
is 
no
t i
so
lat
ed
. 
 So
m
e 
in
te
re
st
in
g 
po
in
ts
 c
an
 b
e 
ob
se
rv
ed
 fr
om
 th
e 
da
ta
. T
he
 v
ar
ian
ce
 is
 
lar
ge
st
 in
 t
he
 q
ui
ck
 f
lo
w
 p
ar
am
et
er
s 
alp
ha
 f 
an
d 
be
ta
 f,
 w
hi
ch
 d
es
cr
ib
e 
ho
w
 f
as
t 
an
d 
w
ha
t 
fr
ac
tio
n 
of
 t
he
 r
un
of
f 
di
re
ct
ly 
re
sp
on
ds
 t
o 
ra
in
fa
ll.
 
Th
e 
va
ria
tio
n 
in
 t
he
 a
lp
ha
 s
 p
ar
am
et
er
 is
 t
he
 lo
w
es
t, 
bu
t 
th
is 
m
ig
ht
 b
e 
pa
rtl
y 
ca
us
ed
 b
y 
th
e 
fa
ct
 t
ha
t 
th
e 
pa
ra
m
et
er
 w
as
 o
nl
y 
all
ow
ed
 t
o 
va
ry
 
ov
er
 a
 sm
all
 ra
ng
e 
du
rin
g 
th
e 
ca
lib
ra
tio
n 
(T
ab
le 
6.
4)
.  
 A
no
th
er
 i
nt
er
es
tin
g 
fa
ct
 i
s 
th
e 
lo
w
 c
ali
br
at
io
n 
re
su
lts
 o
bt
ain
ed
 f
or
 a
ll 
ca
tc
hm
en
ts
 in
 th
e 
19
80
s (
ar
ou
nd
 1
98
5)
. T
hi
s w
as
 th
e 
pe
rio
d 
th
at
 m
os
t o
f 
th
e 
ca
tc
hm
en
ts
 w
er
e 
lo
gg
ed
 (
Co
rn
ish
 1
99
3)
, 
bu
t 
it 
als
o 
in
clu
de
s 
th
e 
dr
ou
gh
t i
n 
th
at
 p
er
io
d 
(1
98
0)
 a
nd
 th
e 
pe
rio
d 
rig
ht
 a
fte
r, 
w
hi
ch
 in
clu
de
d 
hi
gh
 f
lo
w
s 
(1
98
3–
19
85
) 
(C
or
ni
sh
 1
99
3)
. D
ur
in
g 
th
is 
pe
rio
d,
 t
he
 m
od
el
 
ha
s d
iff
icu
lty
 in
 p
re
di
ct
in
g 
th
e 
ob
se
rv
ed
 d
at
a 
in
 a
ll 
ca
tc
hm
en
ts
, i
nc
lu
di
ng
 
th
e 
ca
tc
hm
en
t 
th
at
 w
as
 n
ot
 l
og
ge
d.
 T
he
 l
ow
 c
ali
br
at
io
n 
re
su
lts
 (
an
d 
re
lat
ed
 c
ha
ng
e 
in
 th
e 
alp
ha
 f 
an
d 
be
ta
 s 
pa
ra
m
et
er
s)
 c
ou
ld
 b
e 
ca
us
ed
 b
y 
a 
w
id
e 
ra
ng
e 
of
 la
nd
sc
ap
e 
an
d 
cl
im
at
e 
pr
op
er
tie
s, 
an
d 
th
is 
in
 it
se
lf 
w
ou
ld
 
 2
03
be
 a
n 
in
di
ca
tio
n 
of
 p
ar
am
et
er
 v
ar
iab
ili
ty
 in
 ti
m
e 
(F
ig
. 6
.4
). 
It 
co
ul
d 
als
o 
be
 a
 c
as
e 
of
 m
ea
su
re
m
en
t u
nc
er
ta
in
ty
, w
ith
 th
e 
re
su
lts
 re
fle
ct
in
g 
po
ss
ib
le
 
in
ac
cu
ra
cie
s 
in
 t
he
 d
at
a 
in
 t
ha
t 
pe
rio
d,
 a
s 
th
e 
lo
gg
in
g 
ac
tiv
iti
es
 m
ig
ht
 
ha
ve
 d
ist
ur
be
d 
so
m
e 
of
 th
e 
m
ea
su
re
m
en
ts
. 
 In
te
re
st
in
gl
y, 
a 
sli
gh
t p
os
iti
ve
 tr
en
d 
w
ith
 ti
m
e 
ca
n 
be
 o
bs
er
ve
d 
in
 th
e 
e 
pa
ra
m
et
er
 (
Fi
g.
 6
.4
). 
Th
is 
pa
ra
m
et
er
 i
s 
re
lat
ed
 t
o 
ev
ap
ot
ra
ns
pi
ra
tio
n 
fr
om
 t
he
 c
at
ch
m
en
t 
(C
ro
ke
 a
nd
 J
ak
em
an
 2
00
4)
, 
w
ith
 i
nc
re
as
in
g 
e 
in
di
ca
tin
g 
an
 i
nc
re
as
e 
in
 t
he
 p
re
di
ct
ed
 e
va
po
tra
ns
pi
ra
tio
n.
 T
he
 s
lo
w
 
in
cr
ea
se
 a
fte
r 
lo
gg
in
g 
in
 1
98
3 
is 
no
t 
su
rp
ris
in
g,
 a
s 
th
e 
re
gr
ow
th
 w
ou
ld
 
in
cr
ea
se
 e
va
po
tra
ns
pi
ra
tio
n 
(C
or
ni
sh
 1
99
3)
. H
ow
ev
er
 th
e 
e p
ar
am
et
er
 fo
r 
th
e 
un
lo
gg
ed
 C
ra
ba
pp
le 
ca
tc
hm
en
t 
als
o 
in
cr
ea
se
s 
an
d 
th
e 
in
cr
ea
se
 i
s 
ov
er
 th
e 
w
ho
le
 p
er
io
d 
of
 m
ea
su
re
m
en
t (
bo
th
 b
ef
or
e 
an
d 
af
te
r 
lo
gg
in
g)
, 
w
hi
ch
 w
ou
ld
 n
ot
 b
e 
ex
pe
ct
ed
. T
he
 r
es
ul
ts
 a
re
 t
he
re
fo
re
 p
os
sib
ly 
so
m
e 
in
di
ca
tio
n 
of
 c
lim
at
e 
ef
fe
ct
s 
at
 a
 m
uc
h 
lo
ng
er
 t
im
e 
sc
ale
. 
Th
is 
co
ul
d 
in
di
ca
te
 t
ha
t 
te
m
po
ra
l 
pa
ra
m
et
er
 v
ar
iab
ili
ty
 i
ts
elf
 c
an
 b
e 
a 
to
ol
 f
or
 
in
ve
st
ig
at
in
g 
lo
ng
-te
rm
 c
lim
at
ic 
tre
nd
s o
r c
yc
les
. 
Su
m
m
ar
y 
an
d 
di
sc
us
sio
n 
Cl
im
at
e 
ch
an
ge
 w
ill
 c
re
at
e 
so
m
e 
sig
ni
fic
an
t 
ch
all
en
ge
s 
fo
r 
A
us
tra
lia
 in
 
te
rm
s 
of
 w
at
er
, n
at
ur
al 
re
so
ur
ce
s 
an
d 
ag
ric
ul
tu
ra
l 
m
an
ag
em
en
t. 
Th
es
e 
ch
all
en
ge
s 
w
ill
 
ha
ve
 
to
 
be
 
an
tic
ip
at
ed
 
to
 
be
 
m
an
ag
ed
, 
an
d 
th
is 
an
tic
ip
at
io
n 
ca
n 
be
st
 b
e 
ba
se
d 
on
 s
ol
id
 s
im
ul
at
io
n 
m
od
ell
in
g 
re
su
lts
 a
s 
th
es
e 
of
fe
r 
th
e 
be
st
 p
os
sib
ili
ty
 to
 p
re
di
ct
 th
e 
fu
tu
re
. H
ow
ev
er
 th
er
e 
ar
e 
so
m
e 
sig
ni
fic
an
t 
ga
ps
 i
n 
ou
r 
cu
rr
en
t 
m
od
ell
in
g 
ca
pa
bi
lit
ies
. 
M
an
y 
of
 
th
os
e 
ha
ve
 b
ee
n 
hi
gh
lig
ht
ed
 b
y 
ot
he
r 
au
th
or
s 
an
d 
ha
ve
 o
nl
y 
be
en
 
su
m
m
ar
ise
d 
in
 t
hi
s 
ch
ap
te
r 
(B
ev
en
 2
00
2;
 C
hi
ew
 2
00
6;
 K
irc
hn
er
 2
00
6;
 
Si
lb
er
st
ein
 2
00
6)
. 
A
s 
a 
re
su
lt,
 m
od
els
 a
re
 o
fte
n 
ca
lib
ra
te
d,
 b
ut
 n
ot
 
va
lid
at
ed
 a
nd
 m
os
t 
m
od
els
 a
re
 u
se
d 
in
 a
 b
ac
k-
 o
r 
hi
nd
-c
as
tin
g 
m
an
ne
r 
w
hi
ch
 d
oe
s 
no
t 
en
ab
le 
re
lia
bl
e 
pr
ed
ict
io
ns
 i
nt
o 
th
e 
fu
tu
re
 f
or
 t
w
o 
re
as
on
s: 
th
e 
cli
m
at
e 
da
ta
 a
re
 n
ot
 r
ep
re
se
nt
at
iv
e 
of
 t
he
 f
ut
ur
e; 
an
d 
th
e 
pa
ra
m
et
er
s i
n 
th
e 
m
od
el 
ca
nn
ot
 b
e 
as
su
m
ed
 to
 b
e 
tim
e 
in
va
ria
nt
 in
to
 th
e 
fu
tu
re
 (s
ee
 e
xa
m
pl
e 
2)
. 
 Th
e 
pr
ob
lem
 i
s 
fu
rth
er
 e
xa
ce
rb
at
ed
 i
n 
A
us
tra
lia
 d
ue
 t
o 
th
e 
lo
w
 d
at
a 
av
ail
ab
ili
ty
 in
 la
rg
e 
ar
ea
s 
an
d 
th
e 
no
n-
lin
ea
rit
ies
 in
 th
e 
se
m
i-a
rid
 s
ys
te
m
. 
Se
m
i-a
rid
 h
yd
ro
lo
gy
 a
nd
 ‘
A
us
tra
lia
n 
hy
dr
ol
og
y’ 
ha
ve
, 
in
 a
dd
iti
on
, 
no
t 
 
20
4 
be
en
 s
tu
di
ed
 in
 a
 c
oo
rd
in
at
ed
 a
nd
 f
oc
us
se
d 
m
an
ne
r, 
w
ith
 m
uc
h 
of
 t
he
 
cu
rr
en
t 
hy
dr
ol
og
ica
l 
kn
ow
led
ge
 i
n 
A
us
tra
lia
 s
til
l 
st
ro
ng
ly
 g
ro
un
de
d 
in
 
hu
m
id
 U
S 
an
d 
E
ur
op
ea
n 
th
eo
ry
. 
Th
is 
ap
pe
ar
s 
to
 n
eg
lec
t 
th
e 
un
iq
ue
 
na
tu
re
 o
f t
he
 A
us
tra
lia
n 
sy
st
em
s. 
 Fo
r 
m
an
ag
em
en
t 
pu
rp
os
es
 a
nd
 d
ue
 t
o 
da
ta
 p
au
cit
y, 
sim
pl
ifi
ed
 m
od
els
 
(S
ta
uf
fa
ch
er
 e
t a
l 2
00
3)
 h
av
e 
be
en
 a
dv
oc
at
ed
 in
 A
us
tra
lia
 a
nd
 th
is 
sh
ou
ld
 
als
o 
en
ab
le 
be
tte
r c
ali
br
at
io
n 
an
d 
lo
w
er
 p
ar
am
et
er
 u
nc
er
ta
in
ty
 (S
iv
ap
ala
n 
20
03
; Y
ou
ng
 2
00
3)
. H
ow
ev
er
, s
im
pl
ifi
ca
tio
n 
of
 m
od
el
s c
an
 o
nl
y 
oc
cu
r i
f 
su
ch
 s
im
pl
ifi
ca
tio
n 
is 
va
lid
 a
nd
 r
ob
us
t, 
ba
se
d 
on
 t
he
 b
es
t 
po
ss
ib
le
 
co
nc
ep
tu
al 
m
od
els
, a
nd
 w
ill
 a
cc
ou
nt
 fo
r 
m
os
t v
ar
iab
ili
ty
 in
 th
e 
sy
st
em
s. 
Th
e 
be
st
 e
xa
m
pl
e 
of
 a
 s
uc
ce
ss
fu
l s
im
pl
ifi
ca
tio
n 
is 
pr
ob
ab
ly
 th
e 
so
-c
all
ed
 
‘Z
ha
ng
 
cu
rv
es
’, 
w
hi
ch
 
ar
e 
re
lat
io
ns
hi
ps
 
be
tw
ee
n 
ra
in
fa
ll 
an
d 
ev
ap
ot
ra
ns
pi
ra
tio
n 
fo
r 
di
ffe
re
nt
 v
eg
et
at
io
n 
ty
pe
s 
(Z
ha
ng
, 
D
aw
es
 &
 
W
alk
er
 2
00
1)
. T
he
se
 c
ur
ve
s 
ar
e 
ba
se
d 
on
 a
 t
ho
ro
ug
h 
un
de
rs
ta
nd
in
g 
of
 
th
e 
un
de
rly
in
g 
co
nc
ep
tu
al 
m
od
el,
 a
nd
 g
iv
e 
a 
qu
ick
 e
st
im
at
e 
of
 t
he
 
ele
m
en
ts
 o
f t
he
 h
yd
ro
lo
gi
ca
l b
ala
nc
e, 
su
ch
 a
s 
de
ep
 d
ra
in
ag
e 
an
d 
ru
no
ff.
 
D
an
ge
r 
oc
cu
rs
 w
he
n 
co
nc
ep
tu
al 
m
od
els
 a
re
 b
as
ed
 o
n 
th
eo
ry
 d
ev
elo
pe
d 
els
ew
he
re
, w
hi
ch
 is
 n
ot
 c
he
ck
ed
 a
ga
in
st
 lo
ca
l o
bs
er
va
tio
ns
. T
oo
 m
uc
h 
sim
pl
ifi
ca
tio
n 
w
ill
 m
os
tly
 j
us
t 
de
liv
er
 t
he
 l
on
g 
te
rm
 e
xp
ec
te
d 
va
lu
e. 
 
Si
nc
e 
‘v
ar
iab
ili
ty
’ 
is 
th
e 
ke
y 
w
or
d 
in
 A
us
tra
lia
n 
hy
dr
ol
og
y 
th
is 
m
ay
  
be
 p
ro
bl
em
at
ic
.  
 O
ve
ra
ll,
 th
is 
se
em
s 
to
 s
ug
ge
st
 th
at
 th
er
e 
ar
e 
so
m
e 
sig
ni
fic
an
t d
iff
icu
lti
es
 
in
 t
er
m
s 
of
 u
sin
g 
m
od
els
 f
or
 m
ak
in
g 
pr
ed
ict
io
ns
 o
f 
fu
tu
re
 t
re
nd
s 
in
 
w
at
er
, n
at
ur
al 
re
so
ur
ce
s 
an
d 
ag
ric
ul
tu
re
 f
or
 A
us
tra
lia
. T
he
 to
ol
s 
ar
e 
st
ill
 
lac
ki
ng
, b
ut
 th
er
e 
ar
e 
als
o 
so
m
e 
de
ep
er
 c
on
ce
pt
ua
l d
iff
icu
lti
es
 re
lat
ed
 to
 
se
m
i-a
rid
 
hy
dr
ol
og
y, 
w
hi
ch
 
pa
rtl
y 
re
lat
e 
to
 
so
cia
l 
tra
in
in
g 
an
d 
di
st
rib
ut
io
n 
of
 h
yd
ro
lo
gi
st
s. 
D
ev
elo
pm
en
t 
of
 a
 u
ni
qu
ely
 A
us
tra
lia
n 
hy
dr
ol
og
ica
l s
cie
nc
e 
w
hi
ch
 fo
cu
se
s s
pe
cif
ica
lly
 o
n 
th
e 
pa
rti
cu
lar
 is
su
es
 o
f 
se
m
i-a
rid
 h
yd
ro
lo
gy
 a
nd
 i
s 
su
pp
or
te
d 
by
 a
 s
tro
ng
 d
at
a 
co
lle
ct
io
n 
pr
og
ra
m
 (S
ilb
er
st
ein
 2
00
6)
 a
pp
ea
rs
 to
 b
e 
a 
pr
im
e 
ne
ed
 fo
r t
he
 fu
tu
re
.  
 Ri
sk
 a
nd
 p
ro
ba
bi
lit
y 
ar
e 
im
po
rta
nt
 c
on
ce
pt
s 
fo
r 
fu
tu
re
 m
an
ag
em
en
t. 
Be
in
g 
ab
le 
to
 a
ss
es
s 
th
e 
ris
k 
or
 p
ro
ba
bi
lit
y 
of
 s
uc
ce
ss
 o
f 
ce
rta
in
 
m
an
ag
em
en
t a
ct
iv
iti
es
 w
ill
 a
ss
ist
 in
 m
ak
in
g 
po
lic
y 
de
cis
io
ns
. P
ar
tic
ul
ar
ly
 
in
 t
he
 c
as
e 
of
 h
ig
hl
y 
va
ria
bl
e 
pr
op
er
tie
s, 
su
ch
 a
s 
so
il 
m
oi
st
ur
e 
or
 
st
re
am
flo
w
, p
ro
ba
bi
lis
tic
 a
pp
ro
ac
he
s 
ca
n 
gi
ve
 a
 b
et
te
r 
in
di
ca
tio
n 
of
 th
e 
 2
05
m
os
t 
lik
ely
 m
ag
ni
tu
de
s 
of
 a
 p
ro
pe
rty
. 
In
 t
he
 c
as
e 
of
 s
oi
l 
m
oi
st
ur
e 
(e
xa
m
pl
e 
1)
 it
 c
an
 b
e 
us
ed
 to
 a
ss
es
s 
th
e 
pr
ob
ab
ili
ty
 o
f 
ha
vi
ng
 s
uf
fic
ien
t 
m
oi
st
ur
e 
fo
r 
pl
an
tin
g 
or
 
fo
r 
co
m
pl
et
in
g 
a 
cr
op
. 
Th
e 
cu
m
ul
at
iv
e 
pr
ob
ab
ili
ty
 c
ur
ve
 in
 th
e 
ex
am
pl
e 
cle
ar
ly 
in
di
ca
te
s 
th
at
 ‘d
ry
’ i
s 
th
e 
no
rm
, 
ra
th
er
 th
an
 th
e 
ex
ce
pt
io
n.
 
 Fu
tu
re
 p
re
di
ct
io
ns
 w
ith
 m
od
els
 h
in
ge
 o
n 
th
e 
ab
ili
ty
 o
f 
th
e 
m
od
el 
to
 
ca
pt
ur
e 
th
e 
m
ain
 d
yn
am
ic
s 
an
d 
fe
ed
ba
ck
s 
of
 t
he
 c
at
ch
m
en
t 
un
de
r 
ch
an
gi
ng
 c
lim
at
e. 
O
ne
 o
f 
th
e 
pr
ob
lem
s 
w
ith
 f
or
w
ar
d 
pr
ed
ict
io
n,
 r
ea
l 
fo
re
ca
st
in
g,
 i
s 
th
at
 a
ny
 u
nc
er
ta
in
ty
 i
n 
th
e 
co
nc
ep
tu
al 
m
od
el 
w
ill
 b
e 
pr
op
ag
at
ed
 in
 t
he
 f
or
ec
as
t, 
ev
en
 if
 t
he
 m
od
el 
is 
ca
lib
ra
te
d 
on
 h
ist
or
ic
 
da
ta
. T
hi
s 
m
ea
ns
 t
ha
t 
fo
re
ca
st
in
g 
va
lid
at
io
n 
is 
es
se
nt
ial
, a
nd
 s
ho
ul
d 
in
 
pa
rti
cu
lar
 c
ov
er
 a
 d
at
a 
se
t 
w
ith
 a
 d
iff
er
en
t 
va
ria
bi
lit
y 
to
 t
he
 c
ali
br
at
io
n 
se
t. 
H
ow
ev
er
, t
hi
s i
s s
eld
om
 d
on
e 
in
 p
ra
ct
ic
e, 
eit
he
r d
ue
 to
 u
na
va
ila
bi
lit
y 
of
 t
he
 v
ali
da
tio
n 
da
ta
, 
or
 b
ec
au
se
 i
t 
is 
ju
st
 t
oo
 d
iff
icu
lt.
 W
ha
t 
is 
de
m
on
st
ra
te
d 
in
 e
xa
m
pl
e 
2 
is 
th
at
 a
ss
um
in
g 
th
at
 p
ar
am
et
er
s 
ar
e 
va
ria
bl
e 
in
 t
im
e 
m
ig
ht
 a
ss
ist
 in
 d
ev
elo
pi
ng
 b
et
te
r 
ca
lib
ra
tio
n 
an
d 
va
lid
at
io
n 
of
 
m
od
els
. G
iv
en
 t
he
 s
em
i-a
rid
 c
ha
ra
ct
er
 o
f 
th
e 
A
us
tra
lia
n 
hy
dr
ol
og
y 
an
d 
its
 s
tro
ng
 n
on
-li
ne
ar
 r
es
po
ns
e 
to
 r
ain
fa
ll,
 t
em
po
ra
l v
ar
iab
ili
ty
 o
f 
m
od
el
 
pa
ra
m
et
er
s 
w
ou
ld
 b
e 
lo
gi
ca
l a
nd
 t
he
 r
un
of
f 
re
sp
on
se
 w
ou
ld
 b
e 
hi
gh
ly 
lik
ely
 t
o 
ch
an
ge
 u
nd
er
 d
iff
er
en
t 
cli
m
at
ic 
co
nd
iti
on
s 
du
e 
to
 t
he
 s
tro
ng
 
ve
ge
ta
tio
n 
re
sp
on
se
 i
n 
se
m
i-a
rid
 s
ys
te
m
s 
an
d 
th
e 
st
ro
ng
 f
ee
db
ac
k 
be
tw
ee
n 
ve
ge
ta
tio
n 
an
d 
hy
dr
ol
og
y. 
H
ow
ev
er
, i
f 
th
er
e 
is 
a 
tre
nd
 in
 t
he
 
da
ta
 w
ith
 t
im
e, 
lan
d 
us
e 
or
 w
ith
 c
lim
at
e 
in
di
ce
s, 
th
en
 t
hi
s 
m
ig
ht
 b
e 
tra
ns
lat
ed
 in
to
 te
m
po
ra
l v
ar
iab
ili
ty
 o
f 
th
e 
pa
ra
m
et
er
s. 
Th
is 
ca
n 
be
 u
se
d 
to
 
de
riv
e 
re
lat
io
ns
hi
ps
, 
w
hi
ch
 
ca
n 
be
 
ap
pl
ied
 
in
 
cli
m
at
e 
ch
an
ge
  
sc
en
ar
io
s. 
W
ha
t 
isn
’t 
re
se
ar
ch
ed
 
he
re
 
is 
th
e 
in
te
ra
ct
io
n 
be
tw
ee
n 
pa
ra
m
et
er
 u
nc
er
ta
in
ty
 a
nd
 te
m
po
ra
l p
ar
am
et
er
 v
ar
iab
ili
ty
. N
ot
e 
th
at
 th
e 
fo
rm
er
 h
as
 b
ee
n 
re
se
ar
ch
ed
 e
xt
en
siv
ely
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ir
ch
 
 A
bs
tra
ct
 
Sy
dn
ey
 is
 b
les
se
d 
w
ith
 o
ne
 o
f t
he
 m
os
t b
ea
ut
ifu
l h
ar
bo
ur
s 
in
 th
e 
w
or
ld
. 
H
ow
ev
er
, 
lik
e 
m
an
y 
lar
ge
, 
ca
pi
ta
l 
po
rts
 w
or
ld
-w
id
e, 
th
is 
en
vi
ro
nm
en
t 
ha
s 
be
en
 e
xp
os
ed
 t
o 
re
len
tle
ss
 s
tre
ss
 d
ue
 t
o 
a 
ra
pi
dl
y 
in
cr
ea
sin
g 
po
pu
lat
io
n 
de
ns
ity
 a
nd
 e
xt
en
siv
e 
re
sid
en
tia
l, 
co
m
m
er
cia
l a
nd
 in
du
st
ria
l 
ex
pa
ns
io
n.
 I
n 
th
is 
ch
ap
te
r, 
w
e 
ex
pl
ain
 w
hy
 t
he
 c
oa
st
al 
zo
ne
 is
 s
uc
h 
an
 
im
po
rta
nt
 e
nv
iro
nm
en
t, 
es
pe
cia
lly
 f
or
 t
he
 p
eo
pl
e 
of
 A
us
tra
lia
, 
an
d 
de
sc
rib
e 
ch
an
ge
s 
to
 th
e 
Sy
dn
ey
 e
st
ua
ry
 a
s 
an
 e
xa
m
pl
e 
of
 e
nv
iro
nm
en
ta
l 
tra
ns
fo
rm
at
io
n 
du
e 
to
 
an
th
ro
po
ge
ni
c 
pr
es
su
re
. 
Th
e 
ge
ol
og
ic
 
de
ve
lo
pm
en
t 
of
 t
he
 S
yd
ne
y 
es
tu
ar
y 
is 
br
ief
ly 
tra
ce
d,
 s
ho
w
in
g 
ho
w
 t
he
 
fe
at
ur
e 
w
as
 e
ro
de
d 
in
to
 th
e 
H
aw
ke
sb
ur
y 
Sa
nd
st
on
e, 
m
ain
ly 
du
rin
g 
lo
w
 
se
a 
lev
els
 o
f 
th
e 
gl
ac
ial
 p
er
io
ds
. T
he
 e
st
ua
ry
 a
nd
 it
s 
ca
tc
hm
en
t c
ha
ng
ed
 
so
on
 a
fte
r 
Ca
pt
ain
 P
hi
lip
 l
an
de
d 
in
 S
yd
ne
y 
Co
ve
. 
E
ar
ly
 l
an
d 
cle
ar
in
g 
in
cr
ea
se
d 
se
di
m
en
ta
tio
n 
in
 t
he
 w
at
er
w
ay
 a
nd
 r
ap
id
 i
nd
us
tri
al 
gr
ow
th
, 
lo
ca
te
d 
m
ain
ly 
on
 th
e 
w
at
er
fr
on
t, 
re
su
lte
d 
in
 in
cr
ea
sin
g 
co
nt
am
in
at
io
n 
of
 
th
e 
es
tu
ar
y. 
A
t t
he
 U
ni
ve
rs
ity
 o
f S
yd
ne
y, 
a 
no
ve
l c
ol
lab
or
at
io
n 
be
tw
ee
n 
ur
ba
n 
ge
og
ra
ph
er
s 
w
or
ki
ng
 o
n 
ch
an
ge
s 
in
 h
ist
or
ica
l c
ad
as
tra
l r
ec
or
ds
 o
f 
th
e 
cit
y 
an
d 
en
vi
ro
nm
en
ta
l c
he
m
ist
s 
st
ud
yin
g 
es
tu
ar
in
e 
se
di
m
en
ts
, h
av
e 
sh
ow
n 
th
at
 a
s 
ur
ba
ni
sa
tio
n 
an
d 
in
du
st
ria
lis
at
io
n 
sp
re
ad
 t
hr
ou
gh
 t
he
 
ca
tc
hm
en
t, 
so
 d
id
 t
he
 le
ve
l a
nd
 s
pa
tia
l e
xt
en
t 
of
 c
on
ta
m
in
at
io
n 
in
 t
he
 
es
tu
ar
y. 
Th
e 
ar
ea
 o
f 
th
e 
es
tu
ar
y 
ha
s 
be
en
 r
ed
uc
ed
 b
y 
22
 p
er
 c
en
t 
ov
er
 
22
0 
ye
ar
s 
of
 
alm
os
t 
co
ns
ta
nt
 
re
cla
m
at
io
n,
 
re
su
lti
ng
 
in
 
ec
ol
og
ica
l 
m
od
ifi
ca
tio
n 
an
d 
po
ss
ib
le 
ad
di
tio
na
l 
co
nt
am
in
at
io
n.
 
Th
e 
pr
es
en
t 
co
nt
am
in
an
t s
ta
tu
s 
of
 th
e 
w
at
er
w
ay
 is
 d
es
cr
ib
ed
 in
 th
e 
co
nc
lu
di
ng
 p
ar
t 
